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spectrometers  are  used  to  determine  the  contributions  of  various  N2  transitions  to  the  IR 
spectrum  observed  in  LABCEDE.  This  data  provides  the'  basis  for  predicting  the 
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programs,  emission  from  N2/O2  irradiated  mixtures  were  also  studied,.  Changes  in 
production  efficiency  and  state  distributions  upon  variations  in  electron  energy 
distribution  and  O2  addition  were  small.  Oxygen  addition  resulted  in  the  production  of 
new  features,  N2  fluorescence  levels  were  relatively  unaltered. 

The  relative  brightness  of  N2  First  Positive  bands  depends  on  the  nature  of  the 
transition  moment  variation  over  a  large  range  of  internuclear  separations.  Emissions 
from  the  Av=+6  to  -2  sequences  was  analyzed  to  deduce  a  nearly  linear  transition  moment 
variation.  We  recommend  changes  to  the  B-state  and  A-state  radiative  lifetimes. 

Aozone  fluorescence  is  observed# in  cryogenic  LABEDE  at  levels  in  excess  of  three  body 
production  levels.  We  report  observations  of  O3  fluorescence  at  10  pm:  spectral 
distributions  and  their  dependence  on  parametrical  variations.  A  preliminary  review  of 
mechanisms  is  also  presented.  With  pulsed  excitation,  the  fluorescence  spectrum  was 
observed  to  decay  after  beam  termination  at  different  rates  depending  upon  pressure  and 
composition  of  the  irradiated  mix.  The  vibrational  level  dependent  relaxation  is  also 
analyzed. 

Laboratory  investigations  provide  insight  into  mechanisms  and  efficiencies  which  can 
be  used  to  aid  in  the  understanding  of  field  data.  An  analysis  of  IR,  UV  and  visible 
data  from  the  electron-irradiated  mesosphere/ thermosphere  as  observed  in  the  EXCEDE 
mission  is  presented.  Many  of  the  N2  electronic  state  transitions  described  above  are 
observed  in  that/  data  along  with  CO2,  NO  and  other  radiators.  We  briefly  describe  a 
radiometer  package  we  are  assembling  to  permit  the  study  of  fast  atom  reactions  created 
by  electron  Impact  or  in  interactions  in  the  environment  encountered  by  orbital  missions. 

■Data  from  an  early  field  mission  seemed  to  indicate  that  the  auroral  fluorescence 
spectrum  was  different  under  sunlit  conditions^  A  laboratory  simulation  of  this 
phenomenon  using  a  solar  simulator  and  a  pulsed  electron  beam  simultaneously  incident  on 
N2/O2  mixtures  produced  no  detectable  difference  in  the  observed  fluorescence  between  0.3 
to  0.8  pm  and  2.2  to  6.8  pm. 

'The  LABCEDE  Facility  was  used  to  provide  an  understanding  of  electron/N2'  molecular 
scattering  processes.  As  pressure  is  increased,  the  observed  beam  width  increases  due  to 
both  elastic  and  inelastic  scattering  processes.  Our  modeling  of  this  data  in  support  of 
these  experiments  is  presented.  NH  emission  is  observed  in  N2/H2  mixtures  irradiated  by 
40  keV  electrons  in  the  small  LABCEDE  chamber.  Quenching  rate  coefficients  can  be 
obtained  for  NH,  v=l-3  by  N2  and  H2  once  quenching  by  beam  created  species  is  considered. 
We  present  time-dependent  modeling  of  this  system  for  atom  production,  relaxation,  and 
reaction  processes. 

It  has  been  postulated  that  electron-impact  on  optical  elements  could  produce  a 
detectable  signature.  The  Field  Widened  Interferometer  penetrated  an  active  auroral 
region  and  observed  unexplained  IR  features.  The  emission  from  clean  and  contaminated 
calcium  fluoride  optical  flats  irradiated  by  electrons  vi  'brained.  No  emission  was 
detected  at  irradiation  levels  below  optical  element  damage  .hresholds.  Finally  several 
spectral  observations  are  presented  to  document  and  to  serve  as  a  guide  for  potential 
future  projects. 
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1.  INTRODUCTION 


This  report  covers  a  wide  variety  of  research  projects  to  measure  and  inter- 
ptet  the  fluorescence  arising  from  electron  excitation  of  atmospheric  gases. 

The  LABCEDF  facility  at  the  Air  Force  Geophysics  Laboratory  was  used  for  most 
of  these  investigations.  The  first  sections  deal  with  the  excitation  and 
energy  transfer  in  electronic  states  of  Ny  •  In  Section  2,  the  Ny  B-state 
behavior  is  monitored  via  First  Positive  fluorescence.  Excitation  is  Franck 
Condon  at  low  pressure  but  as  pressure  increases  to  tens  of  mtorr  (representa¬ 
tive  of  the  mesosphere),  collisional  transfer  from  the  A-state  into  the  lowest 
B  state  vibrational  levels  is  observed.  The  middle  levels  of  the  B  state  show 
little  variation  with  pressure  even  though  they  strongly  coupled  to  W-state 
levels.  This  is  attributed  to  low  production  efficiency  into  the  W-state. 

Thus  the  shift  in  B  state  populations  is  not  responsible  for  the  formation  of 
a  lower  red  border  of  aurora.  However,  the  A  state  transfer  will  result  in  an 
iti'iease  in  0.8  to  2  um  emission  at  lowei  altitudes. 

I'll f ’  Nya(^n^)  state  was  observed  via  LBH  emission  at  0.2  pm.  Substantial  vibra¬ 
tional  i ed i s 1 1  i bu t  i on  lather  than  electronic  quenching  was  observed.  Relaxa¬ 
tion  out  of  the  highest  vibrational  levels  was  nearly  gas  kinetic.  Again 
nested  electronic  states  in  patticular  the  a'  state  me  involved  in  the  relaxa¬ 
tion.  The  global  measurements  performed  in  LABCFDF  are  described  in  Section  3. 
These  obsei vat  ions  emphasized  the  need  fnt  1  eve  1  spec i f ic  investigations  of  the 
Nya,  v  relaxation.  The  relaxation  of  Nya,  v-0  by  a  variety  of  gases  including 
No  atid  Oy  is  reported  in  Section  8. 

Section  4  describes  the  measurement  electron  impact  excitation  cross  sections 
for  Ny1  A.  v-2  7  as  measured  in  LABCEDE  at  sufficiently  low  pressures  that 
quenching  affects  can  be  removed  through  a  Stern  Volmer  analysis.  Ny 
electronic  state  transitions  can  also  occur  in  the  infrared.  In  Section  5, 
data  f t om  two  infrared  spectrometers  (a  GVF  and  an  interferometer)  are  used  to 
determine  the  relative  contributions  of  various  transitions  to  the  1R  spectrum 
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observed  in  LABCEDE.  Transitions  from  N2(W-B),  (W-a),  (a-a')»  (B-A)  and 
N2+(A-X)  all  contribute  to  the  low  pressure  spectrum.  In  addition  changes  in 
relative  populations  are  observed  as  pressure  is  varied.  This  data  provides 
the  basis  for  predicting  the  fluorescence  from  electron  irradiated  N2  which  is 
a  necessary  basis  for  disturbed  atmospheres  code  predictions  and  will  serve  to 
guide  the  analysis  of  data  from  field  programs  such  as  EXCEDE.  Our  analysis 
of  the  emission  from  pure  N2  was  completed  first  to  provide  a  basis  for  com¬ 
parison  when  N2/O2  irradiated  mixtures  were  studied  as  described  in  Section  6. 
Changes  in  production  efficiency  and  state  distributions  upon  variations  in 
electron  energy  distribution  and  O2  addition  were  small.  The  fluorescence 
levels  from  neutral  N2  are  insensitive  to  large  changes  in  the  dosing  levels. 
Oxygen  addition  resulted  in  the  production  of  new  features,  N2  fluorescence 
levels  were  relatively  unaltered. 

The  First  Positive  emission  system  is  unique  in  that  its  transitions  span  the 
0.6  to  3  pm  wavelength  region.  The  relative  brightness  of  the  bands  depends 
on  the  nature  of  the  transition  moment  variation  over  a  large  range  of 
internuclear  separations.  In  Section  7  ve  examine  First  Positive  emission 
detected  in  several  experimental  facilities  including  LABCEDE  in  order  to 
determine  the  transition  moment  variation.  Emissions  from  the  AV=+6  to  -2 
sequences  was  analyzed  to  deduce  a  nearly  linear  transition  moment  variation. 
We  recommend  changes  to  the  B-state  and  A-state  radiative  lifetimes. 

Ozone  fluorescence  is  observed  in  cryogenic  LABEDE  at  levels  in  excess  of 
three  body  production  levels.  We  report  in  Section  9  observations  of  O3  fluo¬ 
rescence  at  10  pm:  spectral  distributions  an  their  dependence  on  parametrical 
variations.  A  preliminary  review  of  mechanisms  is  also  presented.  With 
pulsed  excitation,  the  fluorescence  spectrum  was  observed  to  decay  after  beam 
termination  at  different  rates  depending  upon  pressure  and  composition  of  the 
irradiated  mix.  Treatment  of  the  vibrational  level  dependent  relaxation  of 
O3*  is  described  in  Section  10. 
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Laboratory  investigations  provide  insight  into  mechanisms  and  efficiencies 
which  can  be  used  to  aid  in  the  understanding  of  field  data.  In  Section  11  we 
present  an  analysis  of  IR,  UV  and  visible  data  from  the  electron-irradiated 
mesosphere/ thermosphere  as  observed  in  the  EXCEDE  mission.  Many  of  the  N2 
electronic  state  transitions  described  above  are  observed  in  that  data  along 
with  CC>2,  NO  and  other  radiators.  In  Section  12  we  briefly  describe  a  radiom¬ 
eter  package  we  are  assembling  to  permit  the  study  of  fast  atom  reactions 
created  by  electron  impact  or  in  interactions  in  the  environment  encountered 
by  orbital  missions. 

Data  from  an  early  field  mission  seemed  to  indicate  that  the  auroral 
fluorescence  spectrum  was  different  under  sunlit  conditions.  We  undertook  a 
laboratory  simulation  of  this  phenomenon  using  a  solar  simulator  and  a  pulsed 
electron  beam  simultaneously  incident  on  N2/O2  mixtures.  In  Section  13  we 
report  on  these  observations.  No  detectable  difference  was  observed  in  the 
observed  fluorescence  between  0.3  to  0.8  pm  and  2.2  to  6.8  pm  upon  solar 
illumination. 

The  LABCEDE  Facility  can  be  used  to  provide  an  understanding  of  electron/ 

N2  molecular  scattering  processes.  Using  a  scanning  photometer  (X  =  391  nm), 
beam  shape  is  carefully  monitored.  As  pressure  is  increased,  the  observed 
beam  width  increases  due  to  both  elastic  and  inelastic  scattering  processes. 
Our  modeling  of  this  data  in  support  of  these  experiments  is  presented  in  Sec¬ 
tion  14.  A  separate  modeling  effort  is  described  in  Section  15.  NH  emission 
is  observed  in  N2/H2  mixtures  irradiated  by  40  keV  electrons  in  the  small 
LABCEDE  chamber.  Quenching  rate  coefficients  can  be  obtained  for  NH,  v=l-3  by 
N2  and  H2  once  quenching  by  beam  created  species  is  considered.  We  present 
time-dependent  modeling  of  this  system  for  atom  production,  relaxation,  and 
reaction  processes.  This  model  has  been  useful  in  guiding  experiments  and  the 
data  analysis. 

Tt  has  been  postulated  that  electron-impact  on  optical  elements  could  produce 
a  detectable  signature.  The  Field  Widened  Interferometer  penetrated  an  active 


auroral  region  and  observed  unexplained  fR  features.  LABCEDE  investigated  the 
emission  from  clean  and  contaminated  calcium  fluoride  optical  flats  irradiated 
by  electrons.  In  Section  16  we  report  no  emission  was  detected  at  irradiation 
levels  below  optical  element  damage  thresholds.  In  the  last  chapter  several 
spectral  observations  are  presented  to  document  and  to  serve  as  a  guide  for 
potential  future  projects.  Appendices  include  a)  a  list  of  publications  and 
presen ta t  ions  on  the  research  performed  under  this  contract;  I))  an  operations 
manual  for  the  cryogenic  LABCEDE  facility;  c)  a  description  of  the  spectral 
generation  code;  d)  a  report  by  the  University  of  Arizona  on  heavy  ion  bombard¬ 
ment  of  atmospheric  gases  performed  as  a  subcontract;  and  e)  data  analysis  of 
IR  atomic  emissions  from  a  discharge  apparatus. 

The  numerous  sections  of  this  report  clearly  indicate  the  versatility  and 
productivity  of  the  LABCEDE  Facility  in  addressing  production  rate,  energy 
transfer  processes,  chemiluminescence  in  electron  irradiated  ait  and  in  pet 
foiming  laboratory  screening/simulations,  to  guide  models  and  field  missions. 

The  authors  wish  to  acknowledge  the  great  assistance  of  G.F..  Caledonia, 

W.T.  Rawlins,  S.J.  Volnik,  P.F.  Levis,  and  D.  Tremblay  in  the  completion  of 
various  phases  of  this  project. 
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2.  EXCITATION  AND  QUENCHING  OF  THE  VIBRATIONAL  LEVELS  OF  N2(B3ng) 
STATE  IN  ELECTRON  IRRADIATED  NITROGEN  1  & 


2.1  INTRODUCTION 

The  fluorescence  which  arises  from  upper  atmospheric  species  when  they  are 
excited  by  precipitating  auroral  electrons  has  been  studied  for  many  years, 
both  in  order  to  gain  an  understanding  of  upper  atmospheric  composition  and 
key  chemical  processes,  and  to  determine  the  efficiency  of  exciting  various 
molecular  states. For  some  excited  molecular  systems  this  poses  a  complex 
problem  because  the  altitude  of  peak  auroral  energy  deposition  occurs  where 
the  atmosphere  is  undergoing  the  transition  from  the  radiatively-controlled, 
collisionless  regime  (at  higher  altitudes)  to  a  region  where  collisional 
quenching  and  energy  transfer  become  important.  Above  this  transition  alti¬ 
tude  photon  absorption,  direct  electron  impact,  and  radiative  cascade  are  the 
dominant  processes.  The  altitude  of  the  transition  is  not  invariant  for  every 
molecular  state,  but  of  course  depends  upon  the  radiative  lifetime  of  the 
excited  state  and  its  efficiency  for  being  collisionally  destroyed. 

The  most  prominent  band  system  of  N2  in  the  visible  aurora  is  the  B^Ilg  -»  A^IU  + 
"First  Positive"  transition.  The  B-state  radiative  decay  lifetimes  are  rela¬ 
tively  short  (see  Section  3),  varying  between  4  and  12  us,^  and  collisional 
deactivation  of  this  state  (even  if  it  occurs  at  a  gas  kinetic  rate)  will  not 
become  important  until  altitudes  below  the  auroral  deposition  zone.  However, 
the  presence  of  other  longer  lived  electronic  states  which  are  nearly  resonant 
with  the  B-state  vibrational  levels  (such  as  the  high  vibrational  levels  of 
the  A^EU+  and  the  nearly  degenerate  W^,  states)  in  a  nested  triplet  manifold 
permits  the  possibility  of  enhancing  B-state  radiances  via  rapid  intersystem 
energy  transfer  followed  by  prompt  B-state  radiative  decay.  The  effects  of 
such  a  transfer  on  the  B->A  spectrum  have  been  suggested  by  Benesch.^*^  He 
predicts  that  the  enhancement  would  not  be  uniform,  but  that  the  populations 
of  certain  vibrational  levels  of  the  B-state  would  be  selectively  increased  as 
a  result  of  nearly  resonant  transfer  with  vibrational  levels  of  the  V-state. 
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He  further  suggested  that  laboratory  measurements  under  appropriate  conditions, 
although  difficult,  would  be  very  useful  in  defining  the  importance  of  these 
processes . 

A  laboratory  facility  which  is  capable  of  investigating  some  of  the  funda¬ 
mental  chemical  and  radiative  processes  which  play  an  important  role  in  the 
auroral  upper  atmosphere  has  been  constructed  at  the  Air  Force  Geophysics 
Laboratory. 9' 10  In  this  device,  fluorescence  over  the  spectral  region  0.2  to 
15  um  has  been  observed  when  gases  at  pressures  between  0.1  and  80  mtorr 
(0.01  to  10  N/m^)  were  irradiated  with  an  electron  beam.  These  gas  densities 
correspond  to  the  ambient  at  atmospheric  altitudes  of  105  km  down  to  67  km.^ 
Thus  from  systematic  observations  of  the  spectrally  resolved  fluorescence  in 
the  laboratory,  the  effects  of  collisional  transfer  on  the  ^(B)  state  popula¬ 
tions  can  be  investigated  as  the  transition  from  collision-free  to  collision- 
ally  dominated  regimes  is  traversed. 

Ve  report  here  our  experimental  results  of  the  vibrational  creation  efficien¬ 
cies  upon  electron  impact  within  the  N?  ionic  B^EU+  states  and  the  neutral 
C3nu  as  well  as  the  B3IIg  states.  The  vibrational  distributions  within  those 
states  are  determined  over  a  range  of  pressures  so  as  to  isolate  formation  due 
to  direct  electron  impact  from  excitation  transfer.  We  postulate  that  the 
W-state  is  created  less  efficiently  than  the  B-state  upon  electron-impact,  and 
that  transfer  from  the  W-  to  the  B-state  occurs  radiatively  at  low  pressures 
and  very  efficiently  in  collisions  as  the  pressure  increases.  At  the  highest 
experimental  pressures  collisional  quenching  of  the  B-state  is  observed.  Thus 
the  N2(W3Au)  state  should  play  a  role  as  an  important  energy  storage  reservoir 
and  contribute  to  the  infrared  spectrum  of  the  aurorally  disturbed  upper 
atmosphere.  Through  use  of  an  analytical  model  we  have  been  able  to  rational¬ 
ize  the  observed  behavior  of  several  B-state  vibrational  levels  in  a  manner 
which  is  consistent  with  most  of  the  relevant  literature  values  of  excitation, 
quenching  and  radiative  decay  of  the  W-and  B-states. 
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A  large  increase  is  observed  for  the  lowest  vibrational  levels  (particularly 
v=0),  such  that  the  total  B-state  population  increases  with  pressure.  This 
increase  is  not  due  to  relaxation  of  the  higher  B,v  levels  into  v=0,  but 
rather  is  due  to  transfer  from  another  electronic  state.  Modeling  of  energy 
deposition,  excitation  cross  sections  and  the  flow  in  the  experiment  indicate 
that  N2A,  v=7-12  levels  will  build  to  sufficient  densities  to  transfer  into 
the  B-state  at  the  observed  rate.  Thus,  although  we  see  little  evidence  of 
changes  in  the  B-state  distribution  which  will  cause  a  "visible"  lower  red 
border  aurora,  B»A  emission  at  1-2  urn  and  W->B  emission  at  2-3  ym  should 
exhibit  a  marked  altitude  dependence. 

2 • 2  experimental 

The  experiments  were  conducted  at  the  LABCEDE  faci li ty^ * ^  at  the  Air  Force 
Geophysics  Laboratory,  operated  at  room  temperature  for  these  experiments. 
Fluorescence  was  observed  in  a  cylindrical  vacuum  tank,  3.4m  long  and  lm  in 
diameter  in  which  an  electron  beam  excites  numerous  molecular  emissions  in 
pure  N2  gas,  including  the  First  Positive,  Second  Positive,  First  Negative  and 
Meinel  bands. ”  An  inner  liner,  which  is  semi-vacuum  tight,  permits  cryogenic 
operation.  Gases  flowing  at  rates  up  to  1.6  std.  liters  per  minute  were  intro 
duced  into  the  reaction  chamber  through  a  large  porous-tube  array  located 
inside  one  end  of  the  liner  enclosure.  A  plugged  flow  is  developed  along  the 
longitudinal  axis  of  the  chamber  and  out  through  a  32-in.  diffusion  pump 
backed  by  a  Roots  blower/fore  pump  combination  (effective  pumping  speed  = 

2.6  x  10^  ls~l).  This  flow  pattern  limits  the  residence  time  of  gaseous 
species  in  the  electron  beam  volume  to  only  a  few  milliseconds  at  most.  Con¬ 
sequently,  quenching  by  electron-beam-created  species  is  negligible.  Flow 
rates  can  be  varied  over  an  order  of  magnitude  at  constant  target  chamber 
pressure  by  varying  the  conductance  of  the  pumping  system  using  a  valve. 

The  electron  beam  enters  the  chamber  through  one  side,  a  little  over  a  meter 
from  the  upstream  end  of  tank.  The  electron  gun  is  in  the  Pierce  configura¬ 
tion  and  can  provide  currents  up  to  25  mA  at  energies  up  to  6  kV  at  its  space 
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charge  limit.  However,  these  studies  where  conducted  using  4.5  keV  electrons 
having  currents  of  up  to  14  mA  with  the  beam  operating  continuously  or  pulsed 
at  50  percent  duty  cycle  with  a  period  of  4  ms. 

These  experiments  were  performed  using  ultra  high  purity  (99.999  percent) 
nitrogen,  and  no  further  purification  was  attempted.  The  leak  rate  for  the 
entire  vacuum  chamber  (6000  1)  was  less  than  3  x  10~^  std.  liter  per  minute 
and  the  blank  off  pressure  was  less  than  10“^  torr.  Fluorescent  emissions 
from  species  other  than  N2  were  not  observed.  In  order  to  span  the  0.15  to 
81  niton  pressure  range,  N2  gas  flow  rates  between  20  and  1600  std.  cubic 
centimeters  per  minute  were  required. 

Fluorescence  is  observed  through  an  observation  port  which  views  the  excita¬ 
tion  region  from  the  upstream  end  of  the  tank,  normal  to  the  electron  beam, 
and  about  1.2m  from  it.  Since  the  apparatus  is  double  walled,  the  excitation 
region  was  viewed  through  two  windows  which  were  BaF2  and  CaF2  for  these 
observations.  A  5  cm  diameter,  10  cm  focal  length  suprasil  lens  collects 
the  fluorescence  and  focuses  it  upon  the  entrance  slit  of  a  0.3m  monochromator 
(McPherson  218).  Two  different  configurations  were  employed  to  observe  emis¬ 
sion  from  levels  v=0-12  of  the  B-state,  a  1200  groove/mm  grating  blazed  at 
500  nm,  and  a  600  groove/mm  grating  blazed  at  1  pm.  Appropriate  order  sorting 
filters  (with  an  out-of-band  rejection  ratio  of  lO-^)  were  employed.  For  most 
of  the  experimental  measurements,  data  was  acquired  with  a  resolution  of 
1.04  nm.  Data  with  0.2  nm  resolution  was  acquired  to  search  for  the  presence 
of  unexpected  spectral  radiators  and  unusual  rotational  distributions.  An  HTV 
R955  photomultiplier  operated  under  variable  gains  up  to  5  x  10^  detects  the 
photons.  A  fast  current  amplifier/recorder  combination  displays  the  photomul¬ 
tiplier  output.  The  signal  is  also  stored  in  a  laboratory  personal  computer 
using  a  data  translation  (2801A)  D/A  converter.  When  the  electron  beam  was 
pulsed,  phase  sensitive  detection  using  a  PARC  Model  128  Lock-In  Amplifier  was 
used  in  conjunction  with  the  current  amplifier.  For  the  infrared  observations 
a  IIT-FIS118  PMT  with  an  S-l  response  was  used  to  observe  fluorescence  out  to 
wavelengths  of  1.1  pm. 
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The  image  of  the  monochromator  slit  at  the  excitation  region  determines  the 
detector's  field  of  view.  This  image  is  about  12  x  0.5  cm  for  viewing  from 
the  end  of  the  tank.  The  field  of  view  of  the  detector,  therefore,  is  a 
rectangular  slice  through  the  electron  beam  which  has  a  height  larger  or 
comparable  to  the  diameter  of  the  beam  but  which  is  narrow  compared  to  the 
length  of  the  irradiated  volume.  The  mean  radiative  lifetimes  of  the  ^(C), 
N2+(B),  N2 ( B ) ,  and  N2 ( W )  states  are  37  ns,  63  ns,  6  ys,  and  100  ys  respec¬ 
tively, ^  and  the  mean  molecular  velocity  for  a  nitrogen  molecule  at  300  K  is 
4.8  x  10^  cm  s~! .  Even  the  longest  lived  of  these  species  travels  a  character¬ 
istic  distance  of  only  about  5  cm  prior  to  radiating.  This  distance  is  short 
enough  to  minimize  significant  diffusive  losses  out  of  the  field  of  view  in 
its  long  dimension.  Experiments  in  which  the  length  of  the  field  of  view  was 
varied  verified  this  assumption.  Diffusion  out  of  the  field  of  view  along  the 
axis  of  the  irradiated  volume  is  balanced  by  diffusion  into  the  field  of  view 
along  the  beam  axis  from  species  excited  outside  the  monochromator  field  of 
view.  Removal  of  the  imaging  lens  reduced  signal  levels  by  a  factor  of  three, 
but  did  not  alter  the  fluorescence  distributions  observed. 

A  pair  of  external  electromagnets  are  located  outside  the  chamber  configured 
so  that  the  electron  beam  travels  through  their  centers  perpendicular  to  the 
plane  of  the  magnets.  Under  high  beam  current  and  applied  magnetic  field 
conditions,  beam-plasma  instabilities  are  observed.  These  dramatically  alter 
the  low-energy  "secondary"  electron  distribution.  The  majority  of  our  experi¬ 
ments  were  performed  well  outside  of  the  operating  regime  where  this  instabil¬ 
ity  occurs.  A  few  sets  of  data  were  acquired  while  the  observation  region  was 
being  subjected  to  this  beam-plasma  instability  excitation  in  order  to  deter¬ 
mine  whether  there  is  a  dependence  of  the  observed  spectrum  on  the  electron 
energy  distribution. 

2.3  RESULTS  AND  ANALYSIS 

The  N2<C-B)  (Second  Positive,  N2<B-A)  (First  Positive,  and  the  N2+(B-X)  (First 
Negative)  transitions  are  the  dominant  radiators  observed  within  the  spectral 
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bandpass  of  our  detection  system.  The  Second  Positive  and  the  First  Negative 
bands  are  spectrally  compact  and  rotational  structure  within  a  band  is  not 
observed,  but  adjacent  members  of  a  vibrational  sequence  are  clearly  resolved 
under  our  experimental  conditions.  A  representative  spectral  scan  of  these 
bands,  taken  at  0.15  mtorr,  is  shown  in  Figure  1.  A  spectrum  of  the  First 
Positive  bands,  taken  under  the  same  conditions,  is  shown  in  Figure  2.  The 
spectrum  is  much  more  dispersed,  exhibits  many  overlapping  features,  and  is 
distorted  by  the  presence  of  N2+(A-X)  (Heinel)  bands.  In  analyzing  most  of 
the  data  which  we  will  present,  a  simple  measurement  of  peak  heights  was  used 
to  determine  relative  vibrational  populations  of  the  N2(C)  and  N2+(B)  states. 
This  approach  was  found  to  be  accurate  since  the  half-widths  of  the  peaks  for 
each  of  the  systems  are  similar  and  since  the  band  systems  emit  over  the  same 
narrow  range  of  wavelengths.  Due  to  the  complexity  and  breadth  of  the  First 
Positive  emission  bands,  a  spectral  fitting  routine  was  required  to  obtain 
relative  vibrational  populations  in  the  N2(B)  state.  Specific  band  features 
within  each  system  were  also  graphically  integrated  by  hand  to  determine  the 
total  relative  populations  of  all  three  electronic  states. 

2.3.1  Vibrational  Populations 

The  relative  vibrational  populations  of  the  N2(C)  state  were  determined  from 
peak  signals  of  the  0-0,  1-0,  2-1  and  3-2  bands  in  the  Second  Positive  emis¬ 
sion  system.  The  signals  were  corrected  for  detection  system  response  and 
gain,  and  then  converted  to  relative  populations  using  absolute  transition 
probabilities  from  Lofthus  and  Krupenie.^  Band  integrals  and  comparison  with 
synthetic  spectral  produced  the  same  distributions.  Relative  vibrational  popu¬ 
lations  were  determined  as  a  function  of  nitrogen  pressure  from  0.15  to 
81.5  mtorr  and  under  a  variety  of  electron  dosings.  Populations  for  three 
representative  pressures  are  plotted  as  a  function  of  vibrational  level  in 
Figure  3.  The  corresponding  Franck-Condon  factors  for  excitation  from 
N2(X,v=0)  to  N2(C)  are  also  plotted  as  the  solid  line  in  that  figure.  The 
relative  vibrational  populations  of  the  C-state  are  essentially  invariant  over 
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Figure  1.  Spectral  scan  of  N2+(B-X)  and  N2(C-B)  emission  excited  by 
electron  irradiation  at  a  pressure  of  0.15  mtorr.  The 
resolution  is  1.05  pm. 


WAVELENGTH  (nm) 

A-8JU 


Figure  2.  Spectral  scan  of  N2<B-A)  and  N2+(A-X)  emission  under  same 
conditions  as  Figure  1. 
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Figure  3.  Relative  vibrational  populations  of  N2 (C)  measured  at  O  , 

1.0  mtorr;  A  ,  10  mtorr;  Q  ,  70  mtorr.  The  filled  circles 
located  on  the  dashed  line  show  the  expected  Franck-Condon 
and  measured  auroral  distributions  respectively.  The 
estimated  relative  uncertainties  in  the  populations  are  10%. 

this  pressure  range  and  closely  follow  the  Franck-Condon  excitation  distri¬ 
bution  previously  seen  in  the  laboratory. 12  The  similarities  between  the 
observed  populations  and  the  Franck-Condon  factors  for  excitation  from  ground 
state  nitrogen  are  a  result  of  the  absence  of  radiative  or  collisional  cascade 
into  the  C-state  from  higher  energy  electronic  states,  the  uniform  radiative 
lifetimes  of  all  of  the  lower  C-state  vibrational  levels,  and  the  absence  of 
any  quenching  due  to  the  radiative  lifetime  (37  ns)^  being  much  shorter  than 
the  time  between  collisions.  The  relative  populations  did  not  change  over  a 
wide  range  of  dosing  levels  (even  in  a  presence  of  a  beam-plasma  discharge) 
and  their  similarity  to  those  predicted  on  the  basis  of  Franck-Condon  excita¬ 
tion  of  N2(X,v=0)  would  seem  to  indicate  that  there  is  little  vibrationally 
excited  nitrogen  present,  even  under  these  extreme  conditions. 
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Relative  vibrational  populations  for  N2+(B)  were  determined  from  the  experi¬ 
mental  spectra  in  a  similar  manner  to  N2(C)  using  the  absolute  transition 
probabilities  of  Shemansky  and  Broadfoot.^  The  0-0  and  1-2  bands  were  used 
in  the  population  analysis.  The  relative  vibrational  populations  for  this 
state  were  also  studied  as  a  function  of  pressure  from  0.15  to  81.5  mtorr. 
These  populations,  determined  at  three  representative  pressures,  are  plotted 
in  Figure  4.  The  corresponding  Franck-Condon  factors  for  ionization  from 
vibrat ionally  cold  molecular  nitrogen,  normalized  for  the  variation  in  N2+(B) 
radiative  lifetime  with  vibrational  level,  are  also  plotted  as  the  dashed  line 
in  the  figure.  These  relative  populations  are  also  independent  of  pressure, 
within  experimental  error,  up  to  pressures  of  81.5  mtorr  and  agree  well  with 
those  expected  based  on  a  Franck-Condon  excitation  profile  for  levels  0  and  1. 
The  population  of  the  v=2  cannot  be  accurately  determined  due  to  underlying 
spectral  features  masking  emissions  from  this  level,  however,  the  relative 
population  of  this  level  is  only  a  minor  fraction  of  the  total  ion  B-state 
population.  As  with  the  C-state,  the  radiative  lifetimes  of  these  levels 
(62.5  ns)^  are  all  much  shorter  than  the  mean  time  between  collisions  and 
radiative  or  collisional  transfer  of  energy  into  this  state  from  other  elec¬ 
tronic  states  is  negligible.  Radiative  cascade  into  the  ionic  B-state  has 
been  estimated  to  be  small  (Cartwright).  If  this  is  the  case,  then  the 
observed  distribution  reflects  the  nascent  electronic  state  vibrational 
distribution  produced  by  electron-impact  excitation. 

The  spectrum  of  the  N2(B-»A)  bands  were  recorded  using  both  detector  configura¬ 
tions  so  that  the  relative  vibrational  populations  for  the  ^(B)  levels  0-12 
could  be  determined.  Emission  from  the  (0-0)  transition  at  1.05  pm  was  the 
sole  feature  observed  from  the  B,v'=0  level.  Emission  from  multiple  transi¬ 
tions  was  used  to  determine  the  relative  populations  of  all  other  vibrational 
levels.  At  all  pressures  some  emission  due  to  the  Meinel  (A-X,v'-v"  =  4-0, 
5-1,  3-0,  4-1,  2-0,  3-1)  transitions  is  present;  however,  the  N2+(A)  state  is 
efficiently  quenched  by  nitrogen^  and  the  Meinel  band  intensities  decreased 
with  pressure  relative  to  the  First  Positive  emission. 
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Figure  4.  Relative  vibrational  populations  of  N2+(B)  measured  at  Q  , 

1.0  mtorr;  A  >  30  mtorr;  □  ,  81  mtorr.  The  filled  circles 
show  the  expected  Franck-Condon  distribution  while  the  solid 
line  shows  the  measured  auroral  distribution.  The  relative 
populations  are  accurate  to  10%. 

A  computer  code  to  create  synthetic  spectra  was  developed  to  permit  us  to 
accurately  determine  relative  population  of  electronically  excited  states  in 
N2  under  conditions  when  spectral  overlap  is  severe.^  Our  model  is  based  on 
the  work  of  Kovacs^^  and  is  implemented  through  a  major  modification  and  exten¬ 
sion  of  the  computer  code  of  Whiting,  et  al.^tl7  Values  of  spectroscopic 
constants  (we,  weXe,  Bv,  etc.)  and  transition  strengths  (Avrv")  taken  from 
Lofthus  and  Krupenie^  were  tabulated  as  input  to  the  code  along  with  popula¬ 
tions  and  rotational  temperature.  (Rotational  levels  are  assumed  to  be  in 
Boltzmann  equilibrium). 

The  calculated  line  intensities  are  distributed  over  wavelength  space  and 
then  convolved  with  the  appropriate  monochromator  slit  function.  The  spectra 
were  adjusted  for  monochromator  spectral  response.  Synthetic  spectra  with 
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rotational  temperatures  of  300  K  matched  the  experimental  spectra  very  closely. 
Vibrational  populations  within  the  excited  electronic  states  were  determined 
by  minimizing  the  square  of  the  difference  between  the  data  and  the  synthetic 
spectrum.  The  ability  to  simultaneously  match  the  intensities  of  several 
transitions  in  different  progressions  arising  from  the  same  emitting  state 
provided  confidence  in  the  accuracy  of  the  procedure.  The  fitting  procedure 
was  able  to  determine  populations  to  +  10  percent  accuracy.  To  verify  the 
procedure,  populations  obtained  in  this  manner  agree  very  well  with  direct 
spectral  integration. 

This  code  has  the  ability  to  create  spectra  which  combine  emissions  from 
several  different  molecular  states.  Because  the  Meinel  bands  ( N2 +  A-»X)  under¬ 
lie  the  First  Positive  features,  those  transitions  were  included  in  our  spec¬ 
tral  fits.  Spectroscopic  constants  were  taken  from  Huber  and  Herzberg.^® 
Kinstein  coefficients  listed  by  Lofthus  and  Krupenie^  were  used. 

A  typical  spectrum  of  the  First  Positive  band  emission  at  1  mtorr  total 
pressure,  and  the  synthetic  fit  to  that  spectrum,  is  shown  in  Figure  5  for  the 
range  550  to  B20  11m.  First  Positive  Av^2  ,  3,  and  4  sequences  occur  in  this 
spectral  region.  The  fits  to  the  spectra  were  generated  assuming  a  rotational 
and  spin  temperature  of  300  K  and  are  generally  accurate  to  within  10  percent 
for  vibrational  levels  2-10  and  50  percent  for  levels  0,  1,  11,  and  12.  This 
treatment  is  adequate  at  pressures  of  1  mtorr  and  above;  however,  below  1  mtorr 
there  is  some  evidence  of  spin  disequilibrium.  This  is  seen  in  Figure  6  where 
the  spectrum  recorded  at  the  lowest  (as  limited  by  signal  levels)  experimental 
pressure,  0.15  mtorr,  is  presented.  At  present  our  spectral  fitting  routines 
d o  not  permit  the  uncoupling  of  spin  arid  rotational  temperature,  so  our  fit  at 
these  pressures  is  slightly  less  accurate,  but  a  "colder"  overall  spin/rota¬ 
tional  temperature  would  more  closely  fit  the  data.  This  is  an  indication 
that  the  B  state  is  preferentially  formed  in  lower  energy  spin  states,  either 
by  direct  electron  impact  or  by  radiative  cascade.  However,  comparison  with 
direct  spectral  integration  indicates  that  the  vibrational  populations  deter¬ 
mined  under  these  conditions  are  still  accurate  to  within  15  percent. 
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NORMALIZED  INTENSITY 


The  relative  vibrational  populations  for  the  B-state  were  determined  at  many 
pressures  over  the  range  from  0.15  to  81.5  mtorr.  At  several  of  the  pressures 
the  spectra  were  recorded  for  a  range  of  values  of  the  applied  magnetic  field, 
nitrogen  flow  rates  through  the  chamber,  and  beam  currents.  In  addition 
-pcctra  were  recorded  using  pulsed  and  continuous  electron  excitation,  and  in 
the  presence  of  beam-plasma  discharges.  In  varying  all  of  these  parameters, 
the  relative  vibrational  populations  for  a  given  pressure  remained  unchanged 
within  our  ability  to  fit  the  spectra.  The  relative  vibrational  populations 
measured  at  0.15,  10,  and  81.5  mtorr  are  shown  in  Figure  7  along  with  the  rela¬ 
tive  populations  expected  on  the  basis  of  Franck-Condon  excitation  from  ground 
state  nitrogen  and  pure  radiative  decay. 


VIBRATIONAL  LEVEL  (B , V) 

A-8144 

Figure  7.  Relative  vibrational  populations  of  N2(B)  from  electron  impact 
excitation  of  Ny  at  •  ,  1.0  mtorr;  ^  ,  10.0  mtorr;  and 
^  ,  70  mtorr.  The  total  uncertainty  in  relative  vibrational 
populations  is  W%  as  reflected  by  the  excellent  reproducibility 
in  the  calculated  values. 
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Additional  experiments  were  done  at  3  mtorr  total  pressure  to  assess  the 
effects  of  gas  residence  time  in  the  chamber  on  the  total  population  of  the 
B-state.  The  relative  vibrational  populations  of  the  B-state  remain  unchanged 
when  residence  time  and  total  pressure  are  varied.  At  3  mtorr  we  can  vary  the 
gas  residence  time  by  almost  a  factor  of  five  while  maintaining  the  same  pat¬ 
tern  of  flow  in  the  irradiation  volume.  The  absolute  emission  intensity  of 
the  First  Positive  transitions  does  not  change  when  the  residence  time  is 
varied  over  this  range;  however,  there  is  a  35  to  50  percent  increase  in  the 
intensity  of  the  N2+(A-X)  Meinel  bands.  This  may  be  evidence  for  the  presence 
of  metastable  energy  carriers  affecting  overall  formation  rates  for  higher 
energy  states,  as  will  be  discussed  later. 

At  0.15  mtorr  the  time  between  collisions  is  long  compared  to  the  radiative 
lifetimes  of  all  vibrational  levels  of  the  B-state  and  all  but  the  lowest  two 
vibrational  levels  of  the  V-state.  Therefore,  the  relative  vibrational  popu¬ 
lations  of  B-state  should  be  unperturbed  by  collisional  energy  transfer  from 
the  V-state  and  by  quenching  of  the  B-state.  This  would  seem  to  be  supported 
by  the  close  agreement  between  the  measured  vibrational  populations  and  those 
calculated  based  on  Franck-Condon  excitation  for  levels  3-10;  emission  from 
higher  vibrational  levels  is  not  observed  at  these  low  pressures.  Radiative 
cascade  from  the  V-state  is  still  possible  under  these  conditions.  Our  low 
pressure  results  are  compared  with  previous  observations  of  the  B-state  dis¬ 
tributions  in  Figure  8.  Agreement  with  both  a  tmospheric^--^  >  ^  and  laboratory 
observations^  is  quite  good. 

At  pressures  above  0.15  mtorr  all  of  the  B-state  vibrational  levels  show 
detectable  increases  in  population  relative  to  v=4.  The  magnitude  of  the 
increase  for  v=6,  the  level  with  the  smallest  energy  defect  for  transfer  from 
any  V-state  level,  is  only  20  percent.  This  is  a  typical  value  for  levels 
v=3-9  as  well.  It  is  only  a  factor  of  two  larger  than  experimental  error  due 
to  noise  and  spectral  fitting  uncertainties.  The  populations  of  these  levels 
usually  reach  a  maximum  value  at  about  10  mtorr  and  decrease  slightly  at  higher 
pressures.  The  exceptions  to  these  observations  are  the  lowest  levels;  v=0,l 
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Figure  8.  Low  pressure  vibrational  distribution  for  the  B-state  as  observed 
in  LABCEDE  is  compared  to  previous  auroral^’^  an(j  laboratory^ 
observations  and  model  predictions.^  Agreement  is  quite  good. 

and  2  which  increase  marked  in  relative  population  with  pressure.  Another 
interesting  observation  concerns  levels  10,  11,  and  12,  which  are  weakly 
observed  at  pressures  below  10  mtorr  but  rise  sharply  at  higher  pressures. 

This  may  indicate  that  there  is  an  additional  source  mechanism  for  these 
levels.  The  observation  of  this  behavior  under  pulsed  conditions  with  phase 
sensitive  detection,  however,  strongly  precludes  N-atom  recombination  as  that 
source  mechanism.  We  will  address  pressure  scaling  of  the  B-state  populations 
in  Subsection  2.3.3. 

2.3.2  Relative  Electronic  State  Populations 

The  relative  emission  intensities  combined  with  known  transition  probabilities 
for  each  band  observed,  allows  us  to  calculate  the  total  relative  population 
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in  each  electronic  state.  This  information  is  useful  for  comparison  with 
calculated  and  measured  excitation  cross  sections  and  for  comparison  with 
measured  auroral  emission  intensities.  All  of  the  significantly  populated 
ibrational  levels  of  the  N2  +  (B),  N2(C),  and  N2(B)  states  emit  somewhere  with¬ 
in  our  detection  system  bandpass. 

The  relative  vibrational  state  populations  were  measured  at  1  mtorr  pressure 
for  three  values  of  the  magnetic  field  used  to  confine  the  primary  electron 
beam  and  secondary  electrons  created  by  scattering.  When  no  external  magnetic 
field  is  applied,  the  primary  electron  beam  and  any  secondary  electrons 
created  by  scattering  act  under  the  influence  of  the  earth's  magnetic  field 
and  any  residual  fields  present  in  and  around  the  vacuum  enclosure.  Under 
these  conditions  the  range  of  the  typical  secondary  electron  is  longer  than 
the  width  of  the  field  of  view  of  the  detection  system.  These  conditions 
produce  relative  state  populations  in  which  the  ion  B-state  was  enhanced  rela¬ 
tive  to  the  neutral  states,  when  compared  with  auroral  observations.  In  the 
presence  of  low  (7  Gauss)  and  moderate  (30  Gauss)  confining  fields,  the  rela¬ 
tive  ion  and  neutral  electronic  state  populations  changed  to  values  comparable 
to  those  observed  in  aurora  and  were  roughly  independent  of  field  strength, 
demonstrating  the  increased  role  of  the  lower-energy  secondary  electrons.  By 
confining  the  secondary  electrons,  their  excitations  of  molecules  occur  in  the 
field  of  view.  Relative  intensities  under  these  laboratory  conditions  should 
be  closest  to  auroral  observations  which,  of  necessity,  contain  the  effects  of 
complete  degradation  of  the  secondary  electrons.  It  should  be  remembered  that 
the  vibrational  distributions  in  these  states  did  not  change  with  applied 
magnetic  field.  The  implications  of  these  results  will  be  discussed  later. 

The  steady  state  populations  of  C(v=0-4)  is  about  1  x  10"^  of  the  B-state 
(v=0-12).  The  value  agrees  with  the  auroral  prediction  of  Cartwright^  and 
the  observations  of  Vallence  Jones  and  Ga t t inger . 2 > 3  This  difference  in 
populations  is  largely  due  to  the  short  radiative  lifetime  of  the  C-state 
(TC/xB  =  6  x  10-3).  Because  both  these  states  have  electron  excitation  cross 
sections  distributions  which  peak  near  the  same  energy,  our  laboratory 
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apparatus  is  capable  of  producing  distributions  comparable  to  those  obtained 
in  the  upper  atmosphere. 


2.3.3  Pressure  Scaling  of  Electronic  State  Populations 

The  change  in  relative  state  populations  with  magnetic  field  described  above 
suggests  that  secondary  electrons  play  an  important  role  in  the  excitation 
process.  If  they  are  important,  a  greater  than  linear  increase  in  emission 
intensity  with  pressure  would  be  expected.  The  probability  of  a  primary 
electron-^  scattering  event  increases  linearly  with  pressure  (for  thin 
\  targets).  However,  if  an  energetic  secondary  electron  is  created  by  this 

scattering  event,  the  probability  of  it  undergoing  another  collision  with  the 

JL.  * 

field  of  view  to  create  N2  also  increases  with  pressure  leading  to  a  total 
intensity  scaling  of  P^'O.  For  all  the  electronic  states  the  signal  increases 
with  pressure  to  the  1.3  ±  0.10  power  and  is  independent  of  vibrational  level 
for  the  First  Positive  bands.  Any  variation  in  the  pressure  dependence 
between  bands  is  well  within  experimental  error. 

The  non-linear  growth  of  signal  intensity  with  pressure  makes  it  difficult  to 
accurately  observe  additional  non-linear  increases  in  intensity  due  to  energy 
transfer  if  only  a  single  electronic  state  is  studied.  In  order  to  separate 
the  contribution  to  the  non-linear  growth  due  to  excitation  from  the  growth 
due  to  energy  transfer,  an  experiment  was  done  where  the  emission  intensity  of 
the  N2(B,  6-3)  and  the  N2(C,  0-0)  transitions  were  measured  sequentially  in 
the  same  spectral  scan.  Because  both  these  states  have  very  similar  electron 
excitation  cross  sections,  the  ratio  of  these  intensities  from  the  same  spatial 
volume  removes  the  effects  of  non-linear  excitation  as  a  function  of  pressure, 
since  diffusion  is  negligible.  The  experiments  were  performed  by  recording 
the  integrated  intensity  of  the  First  Positive  6-3  band,  centered  at  660.8  nm, 
with  the  spectrometer  in  first  order  and  a  Corning  3-74  color  filter  used  to 
block  emission  below  420  nm.  Immediately  following  that  scan,  the  order  sort¬ 
ing  filter  was  changed  to  a  Corning  7-60  UV  transmitting  but  visible  blocking 
color  filter,  and  the  spectrum  of  the  Second  Positive  0-0  band  (337.1  nm)  was 
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recorded  in  second  order  at  674.2  nm.  Since  the  N2B->A  emission  intensities 
are  within  an  order  of  magnitude  of  the  N2C->B  intensities,  the  latter  will  not 
distort  the  spectrum  of  the  First  Positive  bands  when  the  filter  is  in  place. 

Concen t ra t ions  of  N2+(X)  and  ^(X)  ground  state  are  sufficiently  low  that  self¬ 
absorption  of  all  fluorescence  bands  is  completely  negligible  (i.e.,  the  gas 
is  optically  thin). 

i 

The  C-state  excitation  adequately  reflects  the  B-state  excitation  (as  shown  by 

I 

the  auroral-like  distributions  and  invariance  with  experimental  dosing  param-  ! 

i 

eters).  Yet  the  C-state  does  not  undergo  quenching  because  of  its  rapid 

radiative  relaxation  and  thus  displays  the  same  vibrational  distribution  at  i 

all  our  experimental  pressures.  Consequently,  we  have  ratioed  the  B-state 
populations  to  the  C-state  so  that  quenching  could  be  studied  with  the  effects 
of  energy  deposition  removed. 

The  total  population  of  the  B(^n^)  state  (v-0-12.)  normalized  by  the  C(v-rO) 
population  is  plotted  versus  pressure  in  Figure  9.  The  C(v=0)  level  remains  a 
constant  fraction  (55  percent)  of  the  total  C-state  population  to  within 
+  5  percent  for  all  our  experiments.  The  population  ratio  of  Btota]/C( v=0)  is 
not  constant  but  increases  non-uni formly  with  pressure,  indicating  that  there 
exists  a  net  collisional  source  for  creating  molecules  in  the  B-state.  This 
feed  is  dominantly  into  the  lowest  three  vibrational  levels.  The  population 
ratio  of  B( v=0)/C( v=0)  is  also  plotted  in  Figure  9.  At  the  lowest  pressures, 
v=0  has  barely  the  highest  population  of  any  vibrational  level.  However,  as 
N2  pressure  increases,  the  concentration  of  N2(B,  v=0)  increases  dramatically 
as  was  seen  in  Figure  7.  From  Figure  9  it  is  seen  that  it  rises  in  a  manner 
similar  to  the  total  B-state  and  accounts  for  about  70  percent  of  the  total 
B-state  population  increase  (relative  to  C(v-Q)).  The  B(v=0)  state  population 
increases  by  a  factor  of  three  relative  to  C(v=0)  as  the  N2  density  increases 
to  2.5  x  1015  molecules/cm^  (10.3  Pa).  Vibrational  level  0  is  not  the  only 
state  which  undergoes  an  increase  in  relative  population  at  all  pressures.  As 
seen  in  Figure  7  the  population  of  B( v=0, 1 , 2 ) /C( v=0)  all  increase  with  pres¬ 
sure.  Level  v=0  exhibits  the  largest  increase,  but  both  levels  1  and  2  show 
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9.  Ratio  of  total  B-state  population  to  population  of  C,  v=0  as  a 
function  of  pressure.  Dashed  curve  is  merely  to  show  trend. 

Also  shown  as  open  circles  is  the  ratio  of  the  B,  v=0  population 
to  the  C,  v=0  population.  Most  of  the  observed  increase  in 
B-state  population  is  attributable  to  the  increase  in  v=0.  The 
ratio  for  level  1  is  also  plotted  as  the  open  squares. 


clear  trends  with  pressure.  The  ratio  for  level  1  is  also  plotted  in  Figure  9. 
Possible  mechanisms  which  could  provide  the  source  of  B-state  excitation  are 
discussed  in  the  next  section. 


Level  B(v=3)  and  most  higher  levels  are  nearly  invariant  with  pressure, 
exhibiting  a  small  increase  (<  20  percent)  in  relative  population  up  to 
10  mtorr  (3  x  10^/cm^)  followed  by  a  decrease  relative  to  C(v=0)  at  higher 
pressures.  We  believe  the  later  behavior  to  be  quenching  as  previously 
observed  by  numerous  exper  imen  ters .  20-23  The  i;atio  of  B(v=4)/C(v=0)  is 
replotted  versus  pressure  in  Figure  10.  A  least  squares  fit  to  the  population 
ratios  above  8  mtorr  has  a  slope  of  2  x  10”^  cm-Vmolecule-s .  This  crude 
determination  is  in  excellent  agreement  with  the  literature  values  of 


23 


Figure  10.  Ratio  of  population  in  B(v=4)  to  C(v=0)  as  a  function  of 

pressure.  There  is  a  slight  rise  at  pressures  up  to  10  mt 
which  may  be  attributed  to  a  source  term.  Above  10  mt 
quenching  occurs  at  a  rate  of  2x10“^  cm^  molecules'*  s'  * . 


2.4  +  0.1  x  10'11  (Ref.  20),  1.9  x  10~n  (Ref.  21),  and  1.8  ±  0.2  x  10'11 
(Ref.  22).  For  levels  3-8  our  quenching  values  agree  with  the  literature  to 
within  30  percent. 

We  are  unable  to  clearly  determine  the  fate  of  the  molecules  in  the  excited 
B-state  in  levels  v=3-9  when  they  undergo  an  inelastic  collision  with  another 
N2  and  are  quenched.  Vibrational  relaxation  to  a  slightly  lower  level  in  the 
B-state  (Av=l,2)  does  not  appear  to  be  occurring.  The  population  of  each 
level  is  roughly  60  percent  of  the  level  just  below  it  (see  Figure  7).  Conse¬ 
quently  if  single  quantum  vibrational  relaxation  were  occurring  exclusively  in 
the  B-state,  we  might  expect  to  see  source  terms  into  the  v-1  or  v-2  levels 
with  an  alteration  of  the  vibrational  distribution  as  pressure  increases. 

This  effect  is  not  observed.  Multiquantum  vibrational  relaxation  within  the 
B-state  is  another  possibility.  However,  the  population  decrease  in  levels 
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v  =  3-9  (relative  to  C,v=0)  between  10  and  70  mtorr  is  inadequate  to  explain  the 
rise  in  B(v=0,l,2)  over  that  pressure  region.  (The  loss  of  molecules  from 
state  B,v=3-9  is  less  than  30  percent  of  the  increase  observed  in  B,v=0,l,2; 
less  than  40  percent  of  the  increase  in  B,v=0  alone).  The  collisional 
relaxation  of  the  B(v=3-9  state  to  B(v=0)  cannot  be  ruled  out,  but  with  the 
large  number  of  near-resonant  levels  in  other  nested  electronic  states, 
interstate  transfer  is  the  likely  route. 

The  interesting  behavior  exhibited  by  higher  levels  in  the  B(-^Ilg)  state 
prompted  us  to  develop  a  simple  model  based  on  known  rates  and  likely  physical 
processes  which  could  control  the  populations  of  those  levels.  This  model 
will  be  discussed  in  the  next  section. 

2.4  DISCUSSION 

In  the  discussion  of  our  electron  excitation  results  we  would  like  to  compare 
our  observed  spectral  distributions  and  band  intensities  with  those  observed 
in  auroral  events.  We  will  use  this  comparison  to  argue  for  the  presence  of 
the  N2(V)  state  in  both  the  LABCEDE  experiments  and  the  aurora.  Given  the 
presence  of  the  W-state  in  significant  quantities  and  our  measured  B-state 
vibrational  d i s t r i bu t ions  as  a  function  of  pressure,  we  will  discuss  the 
consequences  of  the  radiative  and  collisional  exchange  of  energy  between  the 
W-  and  B-states.  Finally,  it  appears  based  on  our  observations  that  the  W-B 
collisional  energy  transfer  will  not  contribute  to  the  creation  of  the  lower 
red  border  of  a  type  B  aurora  as  has  been  previously  postulated. 

2.4.1  Comparison  with  Auroral  Observations 

There  have  been  few  quantitative  measurements  of  auroral  emission  spectra. 

The  most  extensive  measurements  have  been  reported  in  a  series  of  papers  by 
Gattinger  and  Val lance-Jones  covering  the  near-UV,^  visible, ^*2  and  near-IR^ 
regions.  The  spectra  observed  in  these  measurements  were  fit  using  known 
transition  probabilities  for  various  band  systems  to  extract  the  individual 
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contributions  due  to  molecular  and  atomic  species.  Relative  vibrational  popu¬ 
lations  and/or  absolute  emission  intensities  were  reported  for  most  of  the 
important  contributors.  Detailed  electron  impact  excitation  cross  sections 
have  been  measured  for  many  nitrogen  electronic  states  by  Cartwright,  et 
nl.24,25  Extensive  modeling  of  vibrational  populations  of  N2  excited  states 
under  auroral  conditions  has  been  done  by  Cartwright.^  The  comparison  of  our 
data  with  auroral  emission  will  use  observed  relative  vibrational  populations 
and  total  electronic  state  populations.  We  will  also  compare  measured  elec¬ 
tronic  state  populations  with  those  predicted  by  the  Cartwright  model. 

The  relative  vibrational  populations  of  the  N2(C)  and  N2+(B)  states  in  high 
altitude  auroras,  derived  from  auroral  emission  intensities  of  the  Second 
Positive  and  First  Negative  bands,  were  shown  in  Figures  3  and  4  respectively. 
These  populations  agree  well  with  those  observed  in  LABCEDE  and  those  calcu¬ 
lated  on  the  basis  of  Franck-Condon  excitation  of  ground  state  nitrogen 
followed  by  radiative  decay.  These  observations  are  consistent  with  the 
conclusion  that  these  states  are  not  quenched  in  auroras  due  to  their  short 
lifetimes  and  that  they  are  not  significantly  populated  by  radiative  cascade. 

The  relative  vibrational  populations  of  the  N2(B)  state  observed  in  an  aurora, 
shown  in  Figure  7,  agree  well  with  those  calculated  by  Franck-Condon 
exc i tat ion/radia t i ve  relaxation  for  levels  3-12.  Levels  0-2  continue  to 
increase  in  population  in  an  aurora  while  the  excitation  model  predicts  that 
these  levels  would  decrease.  Shemansky  and  Broadfoot^  have  argued  that  the 
increase  in  population  for  these  levels  is  entirely  due  to  radiative  cascade 
from  the  C-state  while  Cartwright^  claims  that  a  substantial  portion  of  the 
increase  is  due  to  radiative  cascade  from  the  W-state.  The  source  of  this 
discrepancy  is  a  disagreement  over  the  electron  impact  excitation  cross  sec¬ 
tion  for  the  W-state.  This  will  be  discussed  in  detail  later. 

Relative  vibrational  populations  measured  in  LABCEDE  at  0.15  mtorr  agree  well 
with  both  the  auroral  and  Franck-Condon  excitation  profiles  for  B-state  levels 
2-10.  At  this  pressure  collisional  processes  are  not  important  and  we  may 
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consider  only  direct  and  radiative  cascade  excitation.  Almost  90  percent  of 
the  radiative  cascade  from  the  C-state  goes  into  B-state  levels  0-2.  The 
close  agreement  between  the  three  sets  of  data  over  this  range  would  seem  to 
exclude  any  additional  formation  of  the  B-state  due  to  radiative  cascade  from 
other  states.  Cartwright,  however,  has  shown  that  direct  excitation  and  V-B 
radiative  cascade  contribute  about  equally  to  the  total  formation  of  each 
B-state  level  from  3-12.  Any  normalization  method  which  used  levels  such  as  3 
or  4  as  the  reference  point  would  not  be  very  sensitive  to  this  radiative 
cascade.  Hence,  little  can  be  said  about  the  role  of  the  W-state  based  on  our 
low  pressure  relative  vibrational  populations. 

If  radiative  decay  from  the  U-state  does  account  for  nearly  half  of  the  total 
B-state  excitation  rate,  it  should  be  evident  in  a  comparison  of  measured 
relative  state  populations  with  those  calculated  from  known  excitation  cross 
sections  and  electron  energy  distributions.  Direct  electron  impact  excitation 
cross  sections  for  these  states  at  4.5  kV  are  small  and  much  of  the  excitation 
comes  from  lower  energy  secondary  electrons  created  by  scattering  of  the 
primary  beam.  The  degree  and  manner  in  which  the  energy  of  the  secondary 
electrons  is  lost  determines  the  overall  excitation  efficiency.  In  LABCEDE 
the  range  of  the  characteristic  secondary  electron  is  long  compared  to  the 
apparatus  dimensions;  however,  the  use  of  the  magnetic  field  confines  the 
secondary  electrons  and  may  allow  some  of  their  energy  to  be  deposited  within 
the  field  of  view. 

The  relative  electronic  state  populations  measured  in  LABCEDE  are  complicated 
by  the  effects  of  the  confining  lield.  In  the  absence  of  the  field  the  ionic 
B-state  is  more  prominent  because  it  has  a  higher  cross  section  for  excitation 
by  primary  electrons  and  because  many  secondary  electrons  travel  out  of  the 
detector  field  of  view  before  they  can  excite  a  nitrogen  molecule.  The  rela¬ 
tive  band  populations  observed  with  the  applied  field  are  very  similar  to 
those  seen  by  Gattinger  and  Vallance-Jones^ » 3  in  aurora.  They  are  also  con¬ 
sistent  with  those  calculated  by  the  Cartwright^  model,  which  includes  excita¬ 
tion  of  the  U-state  and  radiational  transfer  of  the  energy  to  the  B-state. 
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The  agreement  between  the  relative  vibrational  distributions  measured  in 
aurora  and  those  observed  in  LABCEDE  suggests  that  the  excitation  process  in 
LABCEDE  at  low  pressure  is  similar  to  an  aurora.  The  similarity  between  the 
relative  state  populations  also  supports  this  conclusion.  Both  the  U-  and 
B-states  sample  the  same  range  of  electron  energies  and  should  have  similar 
excitation  cross  sections.  The  measurements  of  Car twright^ * ^0  support  this 
argument.  Ve  have  recently  directly  observed  fluorescence  from  the  W-state  at 
2  to  4  pm  using  a  circular  variable  filter  spectrometer.  No  relative  calibra¬ 
tion  exists  but  there  is  every  reason  to  believe  that  N2(W)  is  present  at 
concentrations  comparable  to  N2(B)  in  LABCEDE. 

2.4.2  Collisional  Energy  Transfer  and  Electronic  Quenching 

The  net  production  of  the  B-state  with  increased  pressure  is  perhaps  the  most 
intriguing  aspect  of  this  study.  Production  from  atom  recombination  (either 
directly  or  through  an  intermediate  state)  can  be  ruled  out.  The  three-body 
recombination  time  at  mtorr  pressures  is  calculated  to  be  very  long.  Experi¬ 
mental  observations  made  with  a  pulsed  electron  beam  (2  ms  on/2  ms  off)  and 
phase  sensitive  detection  which  should  effectively  discriminate  against  this 
source  of  the  B-state  yielded  a  similar  pressure  dependent  vibrational  dis¬ 
tribution.  The  remaining  most  probable  source  of  B-state  excitation  is  via 
collisional  transfer  from  other  states  created  by  direct  electron  impact.  In 
order  to  estimate  relative  production  rates  into  the  various  states,  we  rely 
upon  the  modeling  of  Cartwright^  and  Green  et  al.2&»27  Based  on  these  esti¬ 
mates,  significant  transfer  from  many  of  the  states  can  be  ruled  out  as  the 
B-state  source  term.  The  B'-state  is  resonant  with  only  the  higher  levels  of 
the  B-state  and  is  not  produced  in  sufficient  quantities  to  generate  the 
observed  increase  in  the  B-state  distribution  even  for  complete  transfer.  The 
C-state  radiative  lifetime  is  short  and  will  radiatively  (not  collisionally) 
decay  for  all  our  experimental  pressures.  Therefore  the  observed  rates  of  B/C 
populations  can  have  no  pressure  dependence  due  to  collisional  quenching. 
Moreover  the  transfer  would  most  likely  be  into  the  higher  vibrational  levels. 
The  W-state  potential  surface  is  shifted  to  larger  internuclear  separations 


28 


than  the  ground  state.  Hence,  Franck-Condon  direct  electron  impact  excitation 
favors  production  of  higher  vibrational  levels  in  the  W  stated  Thus,  level 
specific  feed  into  B,v=0,l,2  from  the  V-state  is  unlikely  unless  the  W-state 
distribution  is  totally  collapsed  into  v=0,l,2.  Even  then  the  V-state  produc¬ 
tion  based  on  Cartwright's  modeling^  and  the  present  analysis  appears  to  be 
insufficient  to  cause  the  observed  rise  in  B,v=0.  The  V-state  levels  are 
strongly  mixed  with  the  B-state  levels  so  that  near  gas-kinetic  transfer  is 
possible  for  specific  higher  levels.  However,  the  observed  transfer  into  the 
higher  levels  alters  the  B-state  population  in  a  level  by  20  percent  and 
cannot  give  rise  to  the  factor  of  three  rise  observed  for  B,v=0. 

The  A-state  will  be  considered  next.  This  lowest  lying  electronically  excited 
state  could  contribute  to  B-state  population  via  two  mechanisms:  energy  pool¬ 
ing  and  direct  energy  transfer  from  A,v>7.  In  order  to  assess  the  magnitudes 
of  this  transfer,  order  of  magnitude  calculations  of  the  A-state  production 
rates  and  spatial  extent  were  performed  so  as  to  obtain  local  concentrations. 
The  energy  pooling  reaction  has  been  extensively  studied  by  Piper  et  al.  in  a 
series  of  papers. 20,28  yhen  two  molecules  in  the  ^(A)  state  collide,  one  of 
the  molecules  is  promoted  to  a  more  excited  electronic  state  and  other  presum¬ 
ably  is  left  in  the  ground  state  with  some  degree  of  vibrational  excitation. 
Excitation  of  ^C.B  states  has  been  observed.  The  Herman  Infrared  System 
(states  unknown)  is  also  excited.  The  excitation  produced  by  this  transfer 
depends  strongly  on  the  initial  A-state  vibrational  level  of  each  molecule. 
State  specific  transfer  rate  coefficients  have  been  measured.  Thus  independent 
of  our  estimated  A-state  concentrations  we  can  look  for  alteration  of  the 
C-state  distribution  due  to  contributions  from  energy  pooling  since  the 
C-state  vibrational  distributions  formed  by  direct  electron  impact  and  energy 
pooling  are  significantly  different.  Experimentally,  the  C-state  vibrational 
distribution  is  accurately  determined  from  the  spectrum  obtained  at  each 
pressure.  The  complete  invariance  of  this  distribution  over  the  pressure 
range  studied  permits  an  upper  bound  to  be  made  for  the  energy  pooling  process 
relative  to  direct  electron  impact  excitation  of  the  C-state.  The  energy  pool¬ 
ing  production  rate  is  less  than  20  percent  of  the  direct  production  rate  at 
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all  pressures.  Using  this  bound  and  the  known  energy  pooling  rate  coefficients 
for  B-  and  C-state  production,  we  would  expect  the  pooling  rate  to  be  at  most 
35  percent  of  the  direct  production  into  the  B-state  even  at  70  mtorr.  From 
Figure  9  we  observed  B/C  ratio  to  increase  by  60  percent  over  this  pressure 
Lange.  In  addition,  energy  pooling  would  produce  molecules  in  the  B-state 
with  a  markedly  different  vibrational  distribution  than  the  pressure-dependent 
excitation  observed.  As  a  further  check  we  used  the  energy  deposition  modeling 
of  Green  et  al.26’27,  coupled  with  beam  growth  estimates  and  experimental  mass 
transport  properties  to  obtain  local  N2(A)  state  densities.  Steady  state  is 
established  by  direct  electron  impact  production  and  reaction  or  the  ptessuie 
dependent  diffusion  to  the  walls.  We  assume:  1)  a  production  rate  of 
0.5  N£(A)  per  ion  pair;  2)  that  N2(A)  is  lost  on  the  walls  with  unit  quenching 
efficiency;  3)  the  major  gas-phase  loss  of  N2(A)  was  energy  pooling.  The 
estimated  N2 ( A )  concentrations  were  spatially  non-homogeneous  but  reached 
several  times  10^  molecules/cm^  at  70  mtorr  (4  ppm  of  total  concentration). 

Even  at  this  substantial  concentration,  the  energy  pooling  production  rate  for 
the  N2  B-state  was  at  most  20  percent  of  the  direct  electron  production  rate. 
Thus  both  the  vibrational  distribution  invariance  and  electron  production 
analysis  indicate  that  energy  pooling  plays  a  small  role  relative  to  direct 
productioa  of  B-state  (<  30  percent  and  <  20  percent  respectively). 

This  leaves  only  direct  transfer  of  excitation  from  molecules  in  the  A-state 
in  vibrational  levels  greater  than  six  to  the  B-state.  As  seen  in  Figure  11 
these  levels  are  substantially  populated  by  electron  excitation.  In  the 
figure  we  have  used  Cartwright's  unquenched  (130  km)  distribution.  The 
quenching  of  vibrat ionally  excited  A-state  levels  has  been  measured  by  Dreye' 
and  Perner.2*7  The  quenching  rate  coefficients  are  very  level  dependent, 
increasing  rapidly  with  vibrational  level  and  exhibit  a  sharp  increase  at  v=7. 
Dreyer  and  Perner  suggest  that  this  increase  is  due  to  transfer  to  the  B-state 
v=0.  Their  measured  rate  coefficient  for  A,v=7  is  2.4  x  10  ^2  molecule  cm  ^ 
s~l  which  would  give  a  characteristic  quenching  time  of  0.2  ms  at  70  mtorr. 
This  process  would  be  rapid  enough  to  follow  the  variations  with  pulsed  elec¬ 
tron  beam  operation  and  thus  be  present  in  the  4  ms  period  pulsed  data  (as 
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Figure  11.  Modeled  production  rate  in  field  of  view  based  on  energy 
deposition,  excited  state  production  and  cascade. 


observed).  Also  because  quenching  would  be  rapid,  diffusion  of  the  field  of 
view  would  be  minimal.  The  magnitude  of  this  source  can  be  estimated  by 
assuming  that  all  molecules  produced  in  levels  A,v=7-12  transfer  their  excita¬ 
tion  into  B,v=0-3.  From  Figure  11  we  estimate  this  would  give  a  net  increase 
in  the  total  B-state  production  of  50  percent  (a  value  of  60  percent  is 
observed).  More  specifically  we  can  assume  that  the  level  specific  transfer 
from  A,v  occurs  to  the  nearest  energetically  lower  level  of  the  B-state;  i.e., 
A,v=7-8  feeds  B,v=0;  A,v^9  transfers  to  B,v=l;  A,v=10,ll  feed  B,v=2  and  A,v=12 
transfers  to  B,v-_-3.  This  is  certainly  an  oversimplification  but  serves  to 
illustrate  the  level  dependence  of  the  magnitude  of  this  transfer.  The  cal¬ 
culated  increases  due  to  A-state  transfer  are  compared  to  the  results  from  the 
laboratory  for  two  pressures  in  Table  1. 
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TABLE  1.  Ratio  of  transfer  rates  from  A-state  to  direct 
electron  production  rates. 


Transfer  Rate  {%) 

Direct  Production  Rate 

Observed  Increase  (X) 

7 

Feed  Level 

p  =  10  mtorr 

p  =  70  mtorr 

1-10  mtorr 

1-70  mtorr 

0 

II 

> 

CQ 

v=7 , 8 

31 

133 

59  +  12 

160±40 

1 

9 

15 

67 

29±14 

58  +  22 

2 

10,11 

24 

100 

30+3 

30+10 

3 

12 

12 

48 

10+5 

Quenching  B 

Level  B,v=0  suffers  the  largest  enhancement  -  transfer  is  comparable  to  direct 
production  at  the  highest  pressures.  The  higher  levels  are  less  affected; 
qualitatively  agreeing  with  the  trends  observed  in  the  data.  This  rough  agree¬ 
ment  of  our  crude  model  with  the  experimental  data  with  regard  to  both  the 
magnitude  of  the  trend  with  vibrational  level  and  pressure  dependence  leads  us 
to  believe  that  transfer  from  the  A-state  high  vibrational  levels  excites  the 
lower  levels  of  the  B-state  at  significant  rates  compared  to  direct  B-state 
production  by  electrons. 

The  electronic  manifolds  we  are  studying  are  quite  nested  permitting  a  large 
degree  of  intersystem  transfer.  Previous  studies  have  determined  the  micro¬ 
scopic  rates  for  transfer  between  specific  levels  and,  as  such,  often  miss 
related  backtransfer  and  feed  processes.  Ve  have  chosen  a  more  global 
approach  which,  while  it  does  not  permit  detailed  examination  of  such  energy 
transfer  processes,  does  permit  observation  of  the  integrated  effects  of  all 
these  processes. 

For  higher  vibrational  levels  of  the  B-state,  transfer  from  the  V-state  is 
expected  to  occur.  At  10  mtorr  there  are  multiple  collisions  with  other  N2 
moledules  during  a  typical  V-state  radiative  lifetime  (54  ys  for  v=6)  and  rapid 
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collisional  processes  should  begin  to  dominate  over  radiation  for  removal  of 
the  W-state.  One  would  expect  gross  changes  in  the  B-state  vibrational  dis¬ 
tribution  to  accompany  this  transformation  as  collisional  channels  feed  the 
vibrational  levels  at  different  rates  than  radiative  transfer.  Simple  energy- 
gap  arguments  would  predict  the  fastest  transfer  to  occur  from  U ( 7 )  to  B(6), 
which  is  exoergic  by  129  cm'V  Sadeghi  and  Setser-^  have  measured  the  rate  of 
this  intersystem  transfer  in  Ar  and  determined  the  rate  coefficient  to  be 
2.7  x  10-!!  cm^  molecule-^  s-!  at  ambient  temperature.  They  stated  that  N2 
should  be  more  efficient  than  Ar  for  coupling  these  levels.  Pendleton  et  al.^l 
have  measured  the  rate  of  collisional  coupling  for  these  levels  in  N2  to  be 
2.5  x  10~!0  cm^  molecule-!  s-!  and  observed  a  pronounced  change  in  the  vibra¬ 
tional  distribution  of  the  B-state.  Recently  Rotem  and  Rosenwaks^  have 
measured  the  transfer  rate  coefficient  in  N2  for  these  channels  to  be 
2.0  x  lO-!®  cm!  molecule  s-!. 

The  N2(B)  state  relative  vibrational  distributions  measured  in  LABCEDE  show 
only  about  a  20  percent  increase  for  most  of  the  near  resonant  levels  but 
larger  increases  for  levels  10-12.  When  the  population  in  v=6  of  the  B-state 
is  ratioed  to  the  population  in  v=0  of  the  C-state,  as  shown  in  Figure  12,  a 
pattern  of  growth  and  decay  is  more  evident.  We  attribute  the  low  pressure 
increase  in  the  B(6)/C(0)  ratio,  which  peaks  at  20  percent  at  10  mtorr,  to 
collisional  coupling  of  W(7)  to  B(6).  Higher  pressure  decay  is  due  to  elec¬ 
tronic  quenching  of  the  B-state.  Gas  kinetic  collisional  coupling  of  W(7) 
level  to  B(6)  is  complete  at  these  pressures  and  results  in  a  constant  contri¬ 
bution  to  the  ratio  of  B(6)  to  C(0).  Therefore,  we  can  use  a  simple  Stern- 
Volmer  analysis  to  determine  the  rate  coefficient  for  quenching  of  this  level. 
Our  value  of  2  x  10"!!  cm3  molecule-!  s-!  for  v=6  agrees  well  with  the  measure¬ 
ments  of  NpCBjV)  quenching  by  N2.^^'),^!,^ 

The  careful  experimental  work  of  Shemansky  and  Broadfoot^  is  in  good  agree¬ 
ment  with  the  present  results.  They  observe  only  small  enhancements  of 
B-state  vibrational  levels  between  2  and  9  as  pressure  is  increased  from 
0.5  to  10  mtorr.  The  sole  exception  is  level  v=6  which  increased  by  about 
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PRESSURE  (mT) 

A-8308 

Figure  12.  Variation  in  the  population  ratio  N(B, 6)/N(C,0)  with  pressure. 

Modeled  fit  to  data  is  shown  as  solid  line.  Note  that  total 
variation  of  data  is  20%. 

15  percent  over  this  pressure  range.  They  also  observe  a  rise  in  levels  v=10, 
11,  and  12  at  their  highest  pressures  (10  mtorr).  The  overall  vibrational 
distribution  they  derive  is  just  slightly  "hotter"  than  Franck-Condon,  but  is 
pressure  invariant.  By  contrast,  both  these  sets  of  observations  do  not 
support  the  intuitively  appealing  hypothesis  of  Benesch.  Consequently,  we 
undertook  the  development  of  a  model  as  an  attempt  to  gain  physical  insight 
into  our  observations. 

In  order  to  understand  the  role  of  the  nested  W-state,  we  constructed  a 
numerical  model  of  excitation  and  radiative  and  collisional  relaxation  in  this 
coupled  kinetic  system  for  mid  levels  of  the  B-state  which  are  most  resonant 
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with  y-state  levels.  The  goal  of  the  modeling  effort  was  to  see  if  our  macro¬ 
scopic  experimental  observations  are  consistent  with  all  of  the  available 
information  on  the  individual  processes  which  shape  the  N2<B)  state  vibra¬ 
tional  distribution.  Only  the  N2,  B-,  C-,  V,  and  X  electronic  states  were 
implicitly  considered  in  the  model.  Electron  impact  formation  of  the  excited 
states  was  treated  using  relative  efficiency  factors.  The  partitioning  of  the 
excitation  energy  over  vibrational  levels  was  determined  by  the  Franck-Condon 
factors  for  transitions  from  N2(X,v=0)  to  the  vibronic  state  of  interest.  The 
Franck-Condon  factors  were  taken  from  Lofthus  and  Krupenie.^  The  rate  con¬ 
stant  obtained  from  our  Stern-Volmer  analysis  of  the  high  pressure  data  was 
used  for  pure  electronic  quenching  of  N2(B,V),  as  well  as  for  N2(W,V).  Radia¬ 
tive  transition  probabilities  for  each  of  the  important  excited  state  transi¬ 
tions  were  taken  from  Lofthus  and  Krupenie,^  with  the  exception  of  the  N2(W-B) 
transition.  An  extensive  set  of  transition  probabilities  for  this  system  have 
recently  been  calculated  by  Werner  et  al.^2  These  values  are  approximately 
three  times  smaller  than  those  determined  by  Covey  et  al.;33  however,  we  chose 
to  use  the  transition  probabilities  of  Covey  et  al.^3  because  the  application 
of  their  values  to  our  data  is  consistent  with  measured  electron  impact  forma¬ 
tion  rates  for  the  N2<W)  state.  Recent  laboratory  experiments-^  strongly 
support  the  calculations  of  Verner.  The  transfer  rate  coefficients  for  the 
levels  W(7)  -»  B(6)  were  taken  from  Rotem  and  Rosenwaks^-*  and  a  W-state  elec¬ 
tronic  formation  rate  was  adjusted  to  best  fit  the  experimental  data. 

The  pressure  dependence  of  the  population  ratio  calculated  using  the  above 
model  is  given  as  the  solid  line  in  Figure  12.  The  ratio  of  electronic 
formation  rates  (W/B)  which  produced  this  curve  is  0.5.  The  calculated  curve 
is  in  good  qualitative  agreement  with  the  experimental  data.  The  model  cor¬ 
rectly  predicts  the  magnitude  of  the  initial  rise  and  the  pressure  at  which 
the  data  rolls  over,  as  well  as  the  total  rate  of  decay.  Variation  of  the 
collisional  transfer  rate  coefficient  in  the  model  by  a  factor  of  10  showed 
that  the  coupling  must  occur  on  nearly  a  per-collision  basis  to  reproduce  the 
trends  in  the  data.  The  population  ratio  rises  with  pressure  at  a  slower  rate 
than  the  model  predicts.  This  undoubtedly  is  due  to  the  simple  nature  of  the 
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model,  which  neglects  transfer  into  B(6)  from  levels  other  than  U( 7).  While 
this  simple  model  is  inadequate  to  make  quantitative  predictions  about  trans¬ 
fer  and  formation  rates,  it  does  show  that  when  reasonable  molecular  param¬ 
eters  derived  from  other  experimental  measurements  are  used  in  the  calcula¬ 
tion,  the  trends  observed  in  LABCEDE  can  be  explained.  Hence,  our  results 
seem  to  be  consistent  with  approximately  equal  formation  rates  for  the  W-  and 
B-states,  gas  kinetic  collisional  coupling  of  near  resonant  vibrational  levels, 
and  radiative  coupling  of  the  manifolds  in  the  absence  of  collisions.  It  also 
shows  that  W-B  transfer  should  not  result  in  large  changes  in  the  appearance 
of  the  First-Positive  spectra,  in  agreement  with  our  high  pressure  data. 

Application  of  our  model  to  level  B < 1 2 ) ,  into  which  there  is  a  significant 
pressure  dependent  feed,  was  unsuccessful.  No  set  of  reasonable  parameters 
could  reproduce  the  constant  rise  in  the  population  of  this  level  with  pres¬ 
sure.  Thus,  we  conclude  that  an  additional  mechanism  fo*-  populating  these 
levels  is  required.  Nitrogen  atom  recombination  is  known  to  produce  highly 
vibrationally  excited  NyfB);^  however,  we  estimate  the  characteristic  N-atom 
recombination  time  under  our  experimental  conditions  to  be  on  the  order  hours 
and  hence  the  rate  should  be  very  small.  To  verify  this,  the  synchronous 
component  of  the  fluorescence  was  obtained  while  rapidly  pulsing  the  electron 
beam  at  high  frequencies.  This  spectrum  still  contained  enhanced  emissions 
from  levels  10-12  at  higher  pressures,  eliminating  recombination  and  any  inter¬ 
action  of  metastable  species  present  in  low  concentration  as  the  source 
mechanism  since  their  characteristic  reaction  times  are  much  longer  than  the 
beam  pulse  period.  One  possible  explanation  is  that  high  vibrational  levels 
of  W-states  (v=ll-13)  are  formed  more  efficiently  upon  electron  impact  than 
high  levels  of  the  B-state.  Thus,  as  pressure  increases,  these  high  levels 
collisionally  feed  the  v=10-12  levels  rather  than  radiate  to  B,v=5-7.  Because 
the  B,v=10-12  levels  have  better  radiative  feed  from  very  high  W-levels  (v~8), 
their  relative  population  rises  as  they  are  collisionally  excited. 

An  enhancement  of  B-state  vibrational  levels  6,  7,  11,  and  12  has  been  observed 
by  Carlson  et  al.^6  These  enhancements  were  only  quantified  for  v-12  where  a 
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factor  of  four  increase  was  observed  as  N2  pressure  increased  from  0.6  to 
15  mtorr.  They  propose  that  the  resonant  overlap  of  V-  and  B-state  levels  is 
responsible  for  their  observed  enhancements.  These  various  experimental 
observat  ions^ » 36  an(j  the  present  results  are  in  general  agreement.  However, 
the  detailed  mechanisms  have  not  been  specified.  The  nested  electronic  states 
of  N2 :  A,  B ,  B'  ,  W  and  even  a^-IIg  provide  the  possibility  of  coincidental  overlaps 
between  vibrational  levels  leading  to  level  dependent  feed  and  collisional  loss 
rates.  Determination  of  these  detailed  mechanisms  is  beyond  the  scope  of  our 
present  experiments.  Nevertheless,  because  our  observed  spectra  reflect  the 
global  summations  of  all  mechanisms  occurring,  they  are  quite  useful  in 
unraveling  the  altitude  and  dosage  scalings  of  the  aeronomic  observations. 
Recently,  observations  of  a  low  altitude  aurora  have  been  reported  by 
Gattinger  et  al,-^  They  spatially  resolved  the  auroral  form  and  determined 
altitudes  of  penetration  by  means  of  triangulation.  Additionally,  they  spec¬ 
trally  resolved  the  fluorescence  of  these  very  transitory  phenomenon  using  a 
TV  spectrograph.  Their  resolution  was  100A  which,  although  coarse,  was  suffi¬ 
cient  to  indicate  that  there  was  no  difference  in  the  spectral  shape  of  emis¬ 
sions  originating  at  93  and  122  km.  Gattinger  et  al.  conclude  that  no  colli¬ 
sional  redistribution  has  occurred  down  to  93  km  in  their  "pink"  bordered 
aurora.  Our  laboratory  observations  seem  to  preclude  these  collision  changes 
at  any  altitude.  Recently,  Brown  et  al.  have  attributed  the  lower  "red"  border 
to  quenching  of  the  oxygen  atom  red  line  at  lower  altitudes. ^8 

Two  attempts  were  made  to  alter  the  observed  B-state  vibrational  distributions 
by  substantially  altering  the  experimental  conditions.  First,  in  the  LABCEDE 
apparatus,  the  flow  rate  was  varied  by  a  factor  of  five  while  maintaining 
constant  pressure.  This  was  done  using  the  exit  valving  port  to  decrease 
pumping  speed  and  it  resulted  in  increased  recirculation  of  the  gas  into  the 
irradiated  volume.  The  spectral  intensity  of  the  Meinel  bands  (N2+A->X) 
increased  significantly  (by  35-50  percent)  relative  to  the  First  Positive 
emission  as  the  residence  time  and  the  probability  of  re-irradiation  of  a 
molecule  increased.  We  attribute  this  increase  to  the  formation  of  a  meta¬ 
stable  state  of  N2.  The  A-state  has  been  measured^  to  have  a  large  cross 
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section  for  ionization  with  a  lower  electron  energy  threshold  than  for  ground 
state  N2  and  the  A-state  is  thus  a  likely  candidate  for  giving  rise  to  Meinel 
emission  upon  re-irradiation.  Significantly,  no  changes  were  observed  in  the 
First  Positive  spectrum  either  in  total  intensity  or  vibrational  distribution. 

Secondly,  on  a  separate  flow  tube  apparatus,  we  looked  into  a  microwave  dis¬ 
charge  of  pure  N2  while  varying  total  pressure  between  0.1  and  50  torr  and  for 
variety  of  discharge  conditions.  The  fluorescence  spectra  observed  were  also 
compared  with  synthetic  spectra  after  correcting  for  system  response  and 
population  distributions  were  determined.  The  observed  distributions  are  not 
representative  of  N-atom  recombination  but  rather  at  low  pressures  resemble 
the  81  mtorr  distributions  shown  in  Figure  7.  Under  certain  conditions,  the 
higher  vibrational  levels  could  be  enhanced,  but  under  no  conditions  was  a 
spectrum  resembling  Benesch's®  observed.  The  enhancement  of  the  high  vibra¬ 
tional  levels  of  the  B-state  in  our  discharge  experiments  may  be  the  result  of 
electron-impact  on  vibrationally  excited  ground  state  N2. 

The  agreement  of  auroral  observations  of  the  N2+(B)  and  N2(C)  state  vibra¬ 
tional  distributions  with  Franck-Condon  excitation  of  N2(X,v=0)  demonstrates 
both  in  the  upper  atmosphere  under  moderate  auroral  dosing  and  in  LABCEDE, 
that  vibrationally  excited  ground  state  N2  is  not  present  in  sufficient  con¬ 
centrations  to  significantly  alter  excited  state  emissions.  Our  experimental 
results  over  a  wide  range  of  conditions  show  that  care  must  be  taken  to  avoid 
artifacts  due  to  N2(A)  or  N2(X,v)  which  could  substantially  alter  laboratory 
observations  of  electron-irradiated  N2. 

2.5  CONCLUSIONS 

have  reported  in  tnis  paper  experimental  results  from  a  large-scale 
laboratory  device  capable  of  reproducing  mesospheric/lower  thermospheric 
pressures  and  auroral  dosing  levels.  Spectrally  resolved  ultraviolet  and 
visible  emissions  from  electron-irradiated  pure  N2  were  used  to  determine 
relative  formation  rates  of  the  N2+(B),  N2(C)  and  B-states.  These  were  found 
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to  be  in  agreement  with  aurorally  derived  values.  Vibrational  distributions 
within  the  N2+(B)  and  ^(C)  states  were  measured  to  be  essentially  identical 
to  values  expected  for  Franck-Condon  excitation  of  vibrationally  cold  ground 
state  N2-  Agreement  between  the  present  laboratory  results  and  observed 
auroral  distributions  were  excellent.  Our  distributions  were  found  to  be 
invariant  over  the  pressure  range  covered  (as  expected  due  to  the  rapid  radia¬ 
tive  decay  of  these  states)  and  to  be  invariant  with  electron  dosing  level. 

The  vibrational  distribution  of  the  N2 ( B )  state  was  determined  by  the  com¬ 
parison  of  several  band  sequences  of  First  Positive  fluorescence  falling 
between  450  and  1100  nm  with  synthetic  spectra.  At  low  pressures  the  dis¬ 
tribution  observed  was  again  in  agreement  with  high-altitude  auroral  obser¬ 
vations.  This  distribution  is  representative  of  Franck-Condon  excitation 
followed  by  radiative  cascade.  As  the  experimental  pressure  was  increased  the 
relative  populations  of  levels  v=3-9  (as  normalized  to  v=4)  varied  only 
slightly  up  to  pressures  of  81  mtorr  (67  km  altitude).  Of  these  levels,  the 
largest  change  observed  was  in  the  v=6  level.  The  relative  population  of  that 
level  increased  by  only  20  percent  reaching  a  maximum  at  10  mtorr.  It  should 
be  noted  that  85  percent  of  the  B-state  molecules  have  less  than  six  quanta  of 
vibrational  excitation.  As  a  result  changes  in  the  populations  of  level  6  and 
above  can  have  only  a  relatively  small  effect  on  global  atmospheric  processes. 
Our  observed  B-state  distributions  for  v=3-9  and  its  invariance  with  pressure 
are  in  good  agreement  with  the  previously  experimental  work  of  Shemansky  and 
Broadfoot3^  and  are  supported  by  the  recent  auroral  observations  by  Gattinger 
et  al.^0  A  simple  kinetic  model  was  developed  which  was  able  to  rationalize 
some  of  the  observed  changes  in  the  B-state  distribution  in  terms  of  the  level 
dependent  interplay  of  radiative  and  collisional  transfer  between  the  W3^  and 
B3ng  states.  At  the  lowest  pressures  any  molecules  formed  in  the  W-state  upon 
electronic  impact  radiatively  decay  to  the  B-state  (which  promptly  radiates). 
As  pressure  increases,  the  molecules  in  the  W-state  can  collisionally  exchange 
their  energy  into  near-resonant  vibrational  levels  of  the  B-state.  As  a 
result  the  distribution  is  relatively  invariant  with  pressure.  The  role  of 
the  W-state  can  only  be  inferred  since  it  has  not  been  observed  in  these 


measurements.  Further  experiments  aimed  at  monitoring  V-state  populations 
directly  are  in  progress.  Ve  have  observed  emission  from  several  vibrational 
levels  of  the  U-state  between  1.6  and  3.0  urn  using  a  Michelson  interferometer. 

However,  our  observations  of  all  B-state  levels  from  0-12  over  a  wide  pressure 
range  have  provided  insight  into  the  dynamics  of  the  nested  triplet  manifold 
of  states  in  N2-  The  data  show  that  there  is  a  net  production  of  B-state  as 
pressure  increases.  Levels  above  v=3  undergo  quenching  at  rates  in  agreement 
with  previous  observations.  However,  the  lowest  levels  v=0  (strongly)  and 
v=l,2  (to  a  lesser  extent)  exhibit  a  large  feed.  Over  the  pressure  range  1  to 
70  mtorr  the  total  B-state  population  increases  by  60  percent  over  direct  pro¬ 
duction  as  monitored  by  C-state  densities.  Based  on  the  agreement  of  electron 
energy  deposition  and  electronic  state  excitation  models  with  experimental 
data  magnitudes  and  trends,  we  believe  that  this  additional  source  of  excited 
B-state  is  collisional  energy  transfer  from  vibrational  levels  (v>7)  of  the 
metastable  A-state.  Excitation  of  the  B  and  C  by  energy  pooling  of  two  A-state 
molecules  was  shown  not  to  contribute  significantly  under  the  present  experi¬ 
mental  conditions.  However,  at  higher  experimental  dose  levels  and  under 
special  conditions  in  the  strongly  disturbed  upper  atmosphere,  energy  pooling 
could  contribute  substantially  to  B-state  production  (and  emission)  levels. 

Of  great  importance,  transfer  from  A,v>>0  to  B,v~0  will  occur  whenever  N2  is 
electron- irradiated . 

In  this  effort  we  have  gained  considerable  insight  into  the  interplay  of  the 
electronic  triplets  states  of  N2  produced  by  electron  irradiation.  Previous 
studies  of  particular  levels  and  transitions  have  carefully  determined  the 
microscopic  rates  for  transfer  between  specific  levels  but  not  the  ultimate 
fate  of  the  excitation  energy.  Ve  have  chosen  here  a  more  global  approach 
which  does  not  permit  detailed  examination  of  each  energy  transfer  rate 
process.  It  does  permit  observation  of  the  integrated  effects  of  all  the 
processes  occurring.  This  approach  has  allowed  us  to  distinguish  small  effects 
(such  as  transfer  into  B,6  from  W,7  which  increases  the  B,6  population  by  less 
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than  20  percent  which  alters  the  total  B-state  population  by  less  than  1  per¬ 
cent)  from  quite  significant  transfer  effects  (such  as  the  additional  produc¬ 
tion  of  B,v=0-2  which  doubles  the  v=0  population  and  increases  the  total 
B-state  excitation  by  60  percent). 

The  invariance  of  our  B-state  vibrational  distribution  with  electron-dosing 
levels,  experimental  residence  times  and  optical  geometry  leads  us  to  believe 
that  our  low  pressure  data  can  support  auroral  observations  and  models.  The 
pressure  dependence  of  the  populations  can  be  useful  in  guiding  future  observa¬ 
tions  of  electron  excited  air.  Our  data  clearly  demonstrates  that  collisional 
energy  transfer  between  different  electronic  states  of  N2  does  not  alter  the 
First  Positive  emission  in  the  red  significantly  enough  to  cause  the  formation 
of  a  lower  altitude  red  border  on  a  deeply  penetrating  aurora.  Substantial 
changes  in  the  0.9  to  1.1  pm  region  would  be  expected  due  to  increased  B  pro¬ 
duction  in  vibrational  levels  0-2.  The  coupling  of  the  W-  and  B-state  could 
have  a  large  effect  on  the  auroral  spectrum  between  1.5  and  7  pm  where  the 
W-state  is  a  dominant  emitter. 
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3.  VIBRATIONAL  RELAXATION  AND  INTERSYSTEM  CROSSING  IN  N2(a1ng) 


I . 1  INTRODUCTION 

Emission  due  to  transitions  from  N2(aljlg)  to  N2(X^Zg  +  )  ground  state  (the 
Lyman-Bi rge-Hopf ield  bands)  is  a  prominent  feature  in  the  ultraviolet  spectrum 
of  the  quiescent  as  well  as  the  aurorally  disturbed  atmosphere.  For  high  alti¬ 
tude  auroras  observation  of  LBH  emissi on^'^  are  consistent  with  the  predic¬ 
tions  of  models  which  include  Franck-Condon  type  excitation  of  ground  state 
molecular  N2  to  the  N2(a)  state  by  energetic  electrons  followed  by  radiative 
relaxat ion . ^6  However,  the  present  study  indicates  that  in  penetrating 
auroras  at  lower  altitudes  (~  100  km)  the  observed  vibrational  distributions 
of  N2(a)  state  molecules  are  also  affected  by  electronic  quenching,  vibra¬ 
tional  relaxation,  and  intersystem  collision-induced  cascade.  The  altitude 
dependences  of  dayglow  and  nightglow  emissions  are  less  well  known. ^2, 47  The 
excitation  of  N2(a)  under  sunlit,  quiescent  conditions  is  presumably  due  to 
collisions  with  low  energy  photoelectrons.  Although  the  vibrational  level- 
dependent  excitation  function  has  been  shown  to  depend  strongly  on  electron- 
energy  near  threshold, ^  the  observed  dayglow  vibrational  distribution  is  too 
broad  to  be  easily  ascribed  to  a  simple  steady-state  balance  between  electron- 
excitation  and  radiative  and  collisional  relaxation  processes.  In  contrast, 
nightglow  observations  of  the  LBH  bands^>47  reveal  an  N2(a)  state  vibrational 
distribution  strongly  peaked  at  low  vibrational  levels.  The  source,  intensity 
and  band  shape  of  this  emission  is  currently  unexplained. 

In  the  measurements  reported  here,  the  collisional  relaxation  of  N2(a)  by  N2 
has  been  investigated  to  characterize  electronic  quenching,  vibrational  rela¬ 
xation,  and  the  effects  of  collisional  and  radiative  coupling  of  the  a  state 
to  other  significant  singlet  states  of  N2.  These  measurements  provide  a 
global  picture  of  N2(a)  relaxation  both  to  provide  insight  into  the  upper 
atmospheric  LBH  band  observations,  and  to  provide  guidance  for  state-to-state 
laser-based  investigations  of  the  singlet  systems  of  N2 . 
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Collisional  processes  involving  N2(a)  are  complicated  by  the  existence  of  two 
other  states  with  comparable  term  energies:  the  a'^Eu“  and  the  w^Ay.  This 
trio  of  electronic  states  gives  rise  to  a  system  of  nested  vibronic  levels 
which  are  radiatively  as  well  as  coll isionally  coupled.  The  relative  energies 
of  these  states  is  displayed  using  a  ladder  diagram  in  Figure  13.  The  allowed 
radiative  transitions  w^-Ay^a^Ilg  and  a  ^  rig  -»a '  ^  £u  comprise  the  McFarlane  Infrared 
System*^  which  radiates  in  the  3  to  8.5  ym  wavelength  range.  The  transition 
probabilities  for  these  bands  have  not  been  experimentally  determined.  More¬ 
over,  they  have  not  been  observed  in  the  upper  atmosphere.  Radiation  from  all 
of  these  states  is  dipole  forbidden  to  the  ground  state;  however,  emission 
from  a'^I(v'=0)  -X^Eg+(v"  =  3-8)  (Ogawa-Tanaka-Wilk.inson-Mullik.en  bands)  is 
observed  in  addition  to  the  (a-X)  LBH  bands.  The  a^IIg  state  is  predissociated 
for  vibrational  levels  above  v'=6.  This  is  indicated  by  the  lack  of  emission 
for  v'=7  and  higher  levels.  No  commensurate  broadening  of  the  absorption 
lines  to  these  levels  is  observed,  indicating  that  the  predissociation  is  weak. 
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Figure  13.  Energy  level  diagram  for  N2  singlets. 
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Emission  from  the  a'3E  state  has  only  been  observed  for  v'-O  to  v=  1-8  of  the 
ground  state. ^9,50  No  emission  from  the  a'  state  lias  been  observed  in  the 
McFarlane  bands.  This  would  appeal  to  indicate  rapid  energy  transfer  out  of 
the  a'  state  above  v'=0.  It  is  likely  that  the  higher  vibrational  levels  of 
a'  are  strongly  coupled  to  the  a3ng  state  or  to  other  perturbing  states. 
Transitions  from  the  w3Au  state  to  a3Ilg  dominate  the  McFarlane  bands. 4®  The 
transition  w3A,,-X3E  has  been  shown  to  be  pressure  dependent.  -)3  No  pre¬ 
dissociations  of  this  state  have  been  observed. 

The  collisional  and  radiative  relaxation  of  the  coupled  singlet  states  have 
been  studied  in  a  series  of  papers  by  Golde  and  Thrush, 52-55  Freund,  and  van 
Veen  et  al.-^  The  early  work  by  Golde  and  Thrush  used  a  discharge  flow 
reactor  to  create  active  nitrogen  at  relatively  high  pressures  (1  to  6  tori). 
The  production  of  N2(a)  was  shown  to  occur  via  two  pathways:  1)  inverse  pre¬ 
dissociation  to  form  N2(a,v'-6)  from  giound  state  N  atoms,  and  2)  intersystem 
collisional  crossing  via  the  reaction 

N(4S)  +  N2(B3ng,  v>6 )  ->  N2(a,  low  v)  +  N(4S)  .  (1) 

Their  observations  of  a'-X  and  a -X  emission  showed  that  N2(a,v=0)  could  be 
excited  by  N2(a',v'=0)  through  the  process 

N2(a',v'=0)  +  Ar  a  N2(a,v'=0)  +  Ar  AE 

=  -1212  cm-3  (endothermic)  .  (2) 

This  conclusion  was  supported  by  the  observed  variation  in  a'/a  emission 
intensities  with  pressure.  Electronic  quenching  of  N2(a,v=0)  by  Ar  and  N2 
was  measured  to  be  quite  slow,  k^r  >  3  x  10-33  cm3  molecule-3  s-3  and 
k^  >  1.7  x  10-33  cm3  molecule-3  s-3.-^  Quenching  by  C02  was  observed  to  be 
quite  fast  (k  =  6.5  x  10-33  cm3  molecule-3  s-3)  and  be  strongly  dependent 
on  vibrational  level. 
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Golde  and  Thrush  observed  quenching  of  high  vibrational  levels  of  N2(a)  by  N2 
to  be  strongly  dependent  on  both  vibrational  level  and  temperature,  in  con¬ 
trast  to  CO2  quenching.  Apparent  rate  coefficients  ranging  from  1.6  x  10"^ 
to  2.7  x  10  11  cm3  molecule-^  s-!  were  observed  for  levels  0-6.  These  rates 
were  comparable  to  Ar  quenching  suggesting  that  no  resonances  are  involved  and 
little  energy  is  transferred  in  the  quenching  process.  This  would  seem  to 
imply  that  the  relaxation  of  N2(a,v')  is  primarily  vibrational,  possibly  pro¬ 
ceeding  via  intersystem  crossing  with  the  a'  and  w-states. 

Model  calculations  by  Freund-*6  also  indicate  that  intersystem  radiative 
cascade  may  play  an  important  role  in  the  apparent  litetimes  of  the  singlet 
states.  His  calculations  show  that  the  a'-state  is  efficiently  populated  by 
cascade  and  that  cascade  processes  affect  the  apparent  a-state  radiative  life¬ 
times.  Such  a  cascade  could  result  in  non-exponential  population  decays  and 
an  apparent  decrease  in  the  a-state  lifetimes  with  vibrational  level,  in  con¬ 
trast  with  those  inferred  from  absorption  oscillator  strengths.  The  calcula¬ 
tions  also  demonstrate  that  a-»a'  radiative  decay  may  account  for  up  to 
20  percent  of  the  total  radiative  losses  for  high  vibrational  levels  of  the 
a  state,  with  the  LBH  bands  accounting  for  the  remaining  losses. 

More  recently  vanVeen,  Brewer,  Das,  and  Bersohn^?  used  direct  two-photon  laser 
excitation  of  N2(a,v=0,l)  to  measure  relaxation  rate  coefficients  for  N£. 

They  observed  regimes  of  fast  exponential  (0.05  to  0.2  torr),  non-exponential 
(0.2  to  1.0  torr),  and  slower  exponential  (1  to  10  torr)  decays.  These  regimes 
were  ascribed  to  simple  relaxation  of  the  a-state,  partially  coupled  relaxation 
of  the  a  and  a' -states,  and  fully  coupled  relaxation  of  the  two  manifolds.  In 
the  low  pressure  regime,  relaxation  rate  coefficients  of  2.1  x  10-!!  and 
2.0  x  10-1!  cm^  molecule-!  s-!  were  measured  for  vibrational  levels  0  and  1 
respectively.  These  rate  coefficients  are  the  sum  of  electronic  and  vibra¬ 
tional  relaxation.  In  the  high  pressure  regimes  a  decay  rate  coefficient  of 
2.3  x  10-!3  cm^  molecule-!  s-!  is  obtained  for  both  v=0  and  1.  This  rate 
coefficient  is  probably  a  measure  of  the  deactivation  of  the  a'-state,  either 
through  coupling  with  the  a-state  or  via  relaxation  to  another  manifold. 
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3.2  EXPERIMENTAL 


These  experiments  were  performed  using  the  LABCEDE  facility  at  the  Air  Force 
Geophysics  Laboratory.  The  LABCEDE  chamber  is  a  cylindrical  vacuum  tank,  3.4m 
long  and  lm  in  diameter,  in  which  atmospheric  species  are  irradiated  by  an 
electron  beam.  Fluorescence  from  a  number  of  neutral  and  ionic  electronic 
bands,  including  the  LBH  bands,  is  observed  in  irradiated  nitrogen.  A 
schematic  diagram  of  the  experimental  apparatus  is  shown  in  Figure  14.  The 
gas  to  be  irradiated  enters  the  reaction  chamber  at  one  end  through  a  large 
porous-tube  array,  flows  under  essentially  plug-flow  conditions  along  the 
longitudinal  axis  of  the  chamber  and  out  through  a  32  in.  diffusion  pump 
backed  by  a  Roots  blower/fore  pump  combination  (effective  pumping  speed  = 

2.6  x  10^  Is-1 ) .  This  flow  pattern  limits  the  residence  time  of  gaseous 
species  in  the  electron  beam  volume  to  a  few  milliseconds  at  most  so  that 
quenching  by  electron-beam-created  species  is  negligible.  The  electron  beam 
propagates  transverse  to  the  axis  of  the  vacuum  tank,  a  little  over  a  meter 
from  the  upstream  end  of  the  tank. 
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Figure  14.  LABCEDE  apparatus. 
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Fluorescence  from  the  electron-irradiated  N2  was  observed  from  the  upstream 
end  of  the  tank  perpendicular  to  the  electron  beam  axis  through  BaF2  windows. 
The  emission  is  spectrally  resolved  using  a  McPherson  0.3m  monochromator 
equipped  with  a  2400  1/mm  grating  blazed  at  150  nm.  A  partially  solar-blind 
photomultiplier  tube  (HTV  R1220)  was  used  on  the  monochromator.  Tn  the 
absence  of  atmospheric  attenuation  this  detection  system  has  good  response 
between  120  and  310  nm.  The  entire  monochromator  and  light  path  to  the  vacuum 
chamber  was  purged  with  N2  but  the  effective  system  wavelength  response  was 
limited  by  residual  Oy  absorption  to  between  175  and  310  nm.  The  output  of 
the  photomultiplier  is  converted  to  a  voltage  in  a  fast  current  amplifier 
(tthaco  Model  1211)  and  then  synchronously  detected  using  a  lock-in  amplifier 
(Princeton  Applied  Research  Model  124).  A  computerized  data  acquisition 
system  (Compaq/Data  Translation  DT2801A)  was  used  to  record  the  spectra  from 
the  lock-in  amplifier.  The  data  was  subsequently  transferred  to  a  mainframe 
computer  (Prime  450)  for  further  analysis. 

The  relative  wavelength  response  of  the  detection  system  was  determined  using 
two  techniques.  In  the  region  from  175  to  220  nm,  the  intensities  of  LBH 
bands  originating  from  a  common  upper  level  of  the  a-state  were  compared  with 
the  measured  fluorescence  branching  ratios  of  Shemansky.^®  The  ratios  of 
measured  to  predicted  intensities  established  the  response  function.  In  the 
region  from  195  to  310  nm  the  response  was  determined  using  a  calibrated 
deuterium  arc  lamp  (Optronics  Laboratories).  Additional  calibration  experi¬ 
ments  were  performed  in  which  emission  from  CO(A-X)  and  NO(A-X)  bands  in  the 
region  from  175  ^o  290  nm  was  observed,  in  situ,  from  electron  excitation  of 
CO  and  NO.  Fluorescence  branching  ratios  for  CO(A-X)  from  Krupenie^  anc| 
NO(A-X)  from  Piper  and  Cowles^  were  used  to  correct  observed  intensities  and 
obtain  relative  responses.  All  calibrations  agreed  to  within  20  percent  where 
they  overlapped  with  the  exception  of  the  calibration  using  the  deuterium 
lamp.  From  200  to  230  nm  the  D2  lamp  deviated  from  the  other  calibration  by 
as  much  as  50  percent.  This  is  potentially  due  to  scattered  light.  Hence  the 
molecular  emissions  were  used  in  this  wavelength  region.  The  response  of  the 
detection  system  in  the  175  to  205  nm  region  varied  by  as  much  as  15  percent 


from  day  to  day  due  to  variations  in  purge  efficiency.  The  response  over  this 
region  was  determined  separately  for  each  day's  experiments  from  the  LBH 
branching  ratios  observed  at  low  pressure. 

In  these  experiments  a  50  perron t  duty  ryole  pulsed  electron  beam  with  a  fre 
quency  of  195  Hz  was  used  to  excite  the  (with  a  high,  99.9999  peicent 
purity  grade).  Average  beam  currents  of  appi oximately  5.5  to  8.5  mA  at  an 
energy  of  4.5  keV  were  employed.  The  beam  current  was  held  constant  to 
t  0.2  mA  within  a  given  series  of  experiments.  A  weak  axial  magnetic  field 
(7G)  was  used  to  confine  scattered  secondary  electrons  and  enhance  excitation 
efficiency.  Observations  of  N2(C-B)  emission  were  used  to  establish  that 
these  excitation  conditions  were  well  outside  the  realm  of  non-linear  beam 
plasma  interactions.  The  N2(C)  state  has  an  electron  excitation  cross  section 
function  which  is  similar  in  shape  and  magnitude  to  the  N2(a)  state.  Both 
states  sample  the  same  electron  energy  d is t r i bu t ion . 24  The  C  state  radiative 
lifetime  is  sufficiently  short  (37  ns)^  t ha t  collisional  quenching  is  not 
important  over  the  pressure  range  of  these  experiments.  Moreover,  there  is  no 
experimental  evidence  for  a  significant  radiative  or  collisional  feed  of  the 
C  state  from  other  electronic  states.  Hence,  the  population  of  the  C  state 
represents  a  balance  between  direct  electron  excitation  and  pure  radiative 
relaxation.  The  spectrally  resolved  fluorescence  from  the  (C,v=0  *  B,v-0) 
transition  was  monitored  for  a  variety  of  experimental  conditions.  The  C  state 
populations  were  observed  to  increase  linearly  with  electron  current  at  a  con¬ 
stant  pressure.  Additionally,  the  C-state  populations  varied  linearly  with  Np 
pressure,  for  pressures  between  0.1  and  10  mtorr.  These  results  are  presented 
in  Figure  15.  The  cascade  contribution  from  higher  states  such  as  the  Estate 
appear  not  to  be  significant  under  L.ABCEDE  operating  conditions.  No  (E  A) 
emission  (Herman-Kaplan  bands)  is  observed.  Based  on  A^ -scaling,  these  bands 
would  be  over  a  hundred  times  more  intense  than  the  EC  transitions,  so  that 
C  state  radiative  feed  is  small.  The  observed  C-state  distribution  can  be 
ascribed  to  a  F  anck-Condon  Excitation  mechanism  so  that  collisional  transfei 
also  seems  unlikely.  Electron-impact  data  indicate  that  the  E  state  is  popu 
lated  at  only  2  percent  of  the  rate  of  C  state  production.  The  C  state  was 
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Figure  15.  Variation  in  N2(C)  state  emission  intensity  with  pressure. 

thus  chosen  as  a  normalization  for  beam  current  fluctuations.  In  the  absence 
of  the  effects  of  collisional  energy  transfer,  the  ratio  of  the  C-state  and 
a  state  populations  should  be  constant. 


Our  experimental  approach  was  to  measure  the  intensities  of  the  LBH  bands  in 
the  region  from  175  to  220  nm  and  of  the  N2(C-B)  Av=  °  sequence  in  the  region 
from  292  to  302  nm  at  pressures  from  0.25  to  72  mtorr.  The  latter  was  chosen 
because  the  Av^O  sequence  could  not  be  monitored  simultaneously  using  the 
solar-blind  photomultiplier,  which  was  chosen  for  good  VUV  response.  Our 
initial  aim  was  to  acquire  data  at  the  lowest  pressure  possible  in  order  to 
observe  the  a-state  vibrational  distribution  in  the  absence  of  collisional 
effects.  Accordingly,  we  used  the  widest  slits  (coarsest  resolution)  which 
still  allowed  unique  spectral  feature  identification  and  discrimination  of 
underlying  radiators.  Slits  of  400  pm  width  provided  5.2A  resolution,  which 


proved  to  be  more  than  adequate  to  resolve  the  spectrally  compact  LBH  transi¬ 
tions  from  different  vibrational  levels.  The  slit  height  permitted  collection 
of  fluorescence  from  a  7  cm  high  slice  of  the  electron-irradiated  region  per¬ 
pendicular  to  the  beam  axis  of  propagation. 

Because  diffusion  of  N2<T  =  10~^s)  molecules  out  of  this  field  could  play  a 
role,  data  was  acquired  with  different  beam  geometries.  The  data  presented  in 
this  paper  was  taken  with  the  electron  beam  defocused  so  that  it  was  larger 
spatially  than  the  field  of  view.  The  results  obtained  in  this  manner  did  not 
differ  from  those  obtained  with  a  tightly  focused  beam,  demonstrating  that 
diffusion  was  not  a  problem  -  diffusion  into  and  out  of  the  field  of  view  was 
balanced  to  first  order.  Ve  extracted  relative  vibrational  populations  for 
the  bound  N2(a)  levels  0-6  and  the  C-state  levels  2-4  using  a  linear  least- 
squares  spectral  fitting  code.  In  addition,  we  were  also  able  to  extract  a 
relative  population  for  the  N2(c4')  state  using  emission  from  the  C4'-a,0-l 
band.  This  emission  occurs  in  the  midst  of  the  (C-B)Av=2  sequence.  This 
linear  least  squares  spectral  fitting  code  uses  known  line  positions  and 
intensities  to  calculate  emission  profiles  (basis  functions)  for  each  vibra¬ 
tional  level  of  a  given  electronic  state.  The  experimental  spectrum  is  fit 
using  these  basis  functions  in  a  least-squares  sense  to  minimize  the  error  in 
the  predicted  intensities.  The  outcome  of  this  fit  is  a  set  of  vibrational 
populations  for  each  electronic  state  which  can  be  made  absolute  if  an  exact 
calibration  factor  is  determined.  For  our  experiments  absolute  calibrations 
are  not  required;  however,  we  do  obtain  a  form  of  absolute  calibration  by 
ratioing  the  measured  N2(a,v)  populations  to  the  N2(C,v=2)  population  deter¬ 
mined  at  the  same  pressure.  Since  both  states  are  excited  by  the  same  energy 
electrons,  this  ratio  essentially  normalizes  the  a-state  populations  for  varia¬ 
tions  in  elect  n  beam  current  from  pressure  to  pressure.  More  significantly, 
the  C-state  is  not  quenched  at  any  of  the  pressures  we  employ.  Hence,  the 
ratio  of  N2(a,v)  to  N2(C,2)  is  independent  of  pressure  in  the  absence  of  N2(a) 
vibrational  relaxation  or  feed.  It  is  through  an  analysis  using  this  ratio 
that  we  extract  kinetic  information. 
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3.3  RESULTS  AND  ANALYSIS 


A  typical  spectrum  of  the  LBH  bands  recorded  at  1  mtorr  is  shown  in  Figure  16a 
along  with  the  least  squares  spectral  fit  to  the  data.  The  least  squares  fit 
used  the  tabulated  spectroscopic  parameters  from  Huber  and  Herzberg^l  and  the 
modified  transition  probabilities  of  Shemansky.38  These  transition  probabili¬ 
ties  were  scaled  to  match  the  80  us  lifetimes  for  v=0  measured  by  Holland^ 
and  by  Pilling  et  al.^3  in  accordance  with  the  recommendations  of  Ajello  and 
Shemansky . ^  The  transition  probabilities  used  are  listed  in  Table  2.  In  the 
180  to  220  nm  spectral  region  there  are  several  bands  originating  from  each 
vibrational  level  except  v=0,  and  the  agreement  between  the  fit  and  the  data 
is  excellent.  In  addition  to  the  LBH  features  present,  there  are  also  several 
other  emission  features  which  cannot  be  identified  as  atomic  lines.  These 
features  are  more  evident  in  the  spectrum  recorded  at  72  mtorr  and  shown  in 
Figure  16b.  These  features  appear  to  be  a  progression  from  a',v=0  to  low 
vibrational  levels  of  the  ground  state  (Ogawa-Tanaka-Wilkinson-Mulliken  Bands). 
However,  the  spectral  fitting  code  does  not  exactly  reproduce  the  exact  line 
positions  when  the  spectral  parameters  from  Huber  and  Herzberg^l  are  used,  but 
instead  produces  slightly  irregularly  displaced  features  from  those  observed 
experimentally.  The  observation  of  multiple  bands  in  this  progression  prompt 
us  to  believe  the  a'-X  assignment.  The  differences  between  the  data  and  the 
fit  are  possibly  due  to  perturbations  in  the  rotational  structure  of  the 
a'-state  which  result  in  the  displacement  of  peak  rotational  features  to 
higher  J  values  and  an  abnormally  large  Q  branch. 64  These  pertubations  have 
not  been  included  in  our  spectral  fitting  code.  To  account  for  these  features 
we  have  generated  individual  basis  functions  for  each  of  the  emission  bands  and 
fit  the  spectrum  using  these  basis  functions.  The  transitions  a'-X(v=0  a  v"6-9) 
are  tentatively  assigned.  A  typical  spectrum  of  the  N2(C-B)Av=2  sequence 
bands  in  the  near  UV  around  298  nm  and  the  least  squares  fit  to  those  bands  is 
shown  in  Figure  17.  A  basis  function  for  the  N2  (C4' -a^  Ilg)  (0-1 )  band,  which 
falls  between  the  C-B,  2-0,  and  3-1  bands,  is  required  to  achieve  a  satisfac¬ 
tory  fit.  As  shown  in  Figure  14,  the  N2(C,v=2)  population  does  scale  linearly 
with  pressure.  The  non-zero  intercept  reflects  detector  dark  current  levels. 
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a  mj 

(b) 

Figure  16.  N2(a)  emission  spectra  at  1.0  and  72  mtorr  and  spectral 

fits  to  data . 
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TABLE  2.  Continued. 
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4 
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0 
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0 
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1 
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29 
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0 
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0 
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0 
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0 

38698 

0 

40337 
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16 

0 
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0 

36804 

0 
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0 
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1 
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29 
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225 

44719 

17 

0 

33273 

0 

34939 

0 

36577 

0 

38188 

0 

39771 

3 

11327 

56 

42855 

18 

0 

31437 

0 

33104 

0 

34742 

0 

36353 

0 

37936 

0 

39492 

9 

41020 

19 

0 

29632 

0 

31299 

0 

32937 

0 

34548 

0 

36131 

0 

37686 

1 

39214 

Sum 

12609 

12445 

12285 

12114 

11941 

11776 

11592 

A  similar  plot  of  the  N2(c4',v=0)  population  also  shows  a  linear  dependence  on 
N2  pressure.  The  ratio  of  N2(C)  v=2,3,  and  4  populations  are  constant  with 
pressure  and  consistent  with  Franck-Condon  type  excitation  by  electrons  and 
radiative  relaxation  of  the  excited  states.  This  is  further  evidence  that 
there  are  no  additional  radiative  or  collisional  processes  populating  the 
C-state. 

The  relative  vibrational  populations  of  ^(a , v)/N2 (C , v=2 )  which  were  deter¬ 
mined  from  the  spectral  fits  are  given  in  Table  3  for  each  pressure  studied. 
Averages  are  presented  when  multiple  experiments  were  performed  at  the  same 
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Figure  17. 


Spectral  fit  to  NyfC-B)  Av=2  sequence  band  with  (c4'-a) 
0-1  band  included. 


pressure.  Agreement  was  generally  better  than  20  percent.  Plots  of  the 
N2(a)/N2(C, 2)  vibrational  population  ratios  at  1  and  72  mtorr  are  shown  in 
Figure  18.  At  1.0  mtorr  less  than  one  collision  occurs  per  a  state  radiative 
lifetime  on  average.  The  observed  vibrational  populations  agree  quite  well 
with  those  expected  from  Franck-Condon  type  excitation  of  the  a  and  a'  mani¬ 
folds  and  radiative  relaxation  of  the  two  states.  Details  of  the  model 
developed  for  comparison  and  interpretation  of  the  data  will  be  given  in  a 
later  section.  The  vibrational  distribution  in  the  a  state  as  observed  at 


TABLE  3.  N£(a , v) /N2(C, 2 )  population  ratios.* 


Vibrational  Level 

Pressure 

(mtorr) 

0 

1 

2 

3 

4 

5 

6 

0.25 

1.18 

6.38 

8.59 

7.35 

6.03 

3.88 

2.48 

1.00 

3.11 

7.30 

9.01 

6.42 

4.92 

3.39 

2.15 

2.00 

4.05 

6.58 

6.91 

4.75 

3.14 

2.15 

1.28 

3.00 

4.92 

6.96 

7.02 

4.26 

2.65 

1.76 

1.13 

4.00 

6.19 

7.94 

7.25 

3.92 

2.40 

1.60 

1.02 

6.00 

6.97 

8.09 

6.94 

3.66 

1.87 

1.26 

0.82 

8.00 

7.93 

7.80 

6.43 

3.07 

1.48 

0.93 

0.66 

10.00 

7.80 

7.90 

6.12 

2.87 

1.36 

0.88 

0.87 

12.50 

9.61 

8.16 

6.17 

2.59 

1.17 

0.71 

0.58 

15.00 

8.57 

6.53 

5.40 

2.22 

0.95 

0.57 

0.36 

20.00 

9.05 

6.62 

4.91 

1.86 

0.76 

0.45 

0.42 

30.00 

9.20 

5.61 

4.06 

1.45 

0.53 

0.31 

0.28 

40.00 

7.97 

4.67 

3.48 

1.15 

0.44 

0.25 

0.25 

50.00 

7.79 

4.21 

1.10 

0.34 

0.20 

0.16 

60.00 

6.85 

3.50 

0.94 

0.26 

0. 16 

0.14 

72.00 

6.30 

3.17 

0.86 

0.25 

0.15 

0.14 

*All  ratios  should 

be  multiplied  by  10^  to 

obtain 

72  mtorr  is  substantially  more  relaxed  than  that  at  1  mtorr.  The  populations 
of  levels  5  and  6  have  decreased  by  nearly  a  factor  of  ten  while  the  popu¬ 
lation  of  v=0  has  increased  nearly  two-fold.  In  addition  to  the  apparent 
vibrational  relaxation,  the  total  population  of  N2(a)  decreases  with  pressure 
indicating  that  electronic  deactivation  is  also  occurring  at  a  slower  rate. 
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N2(a)  -->  N2(X)  +  hvg 


N2(a)  +  N2  — >  N2(?)  +  N2  (5) 


N 


2 


-  e 


N2(C,2)  +  e 
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N0 (C , 2 ) 

L. 


N_(B)  +  hv 
2  c 


(7) 


Both  N2(a)  and  N2<C)  are  in  steady  state  and  their  populations  can  be  written 

as 


[Nz(a)J 


kf[N2i 
kr  +  kQ(N2] 


(8) 


and 


kf ’  [N  ] 

[N  AC, 2)]  =  ~  —  .  (9) 

1 


In  these  expressions  kf  and  kr  represent  the  formation  and  radiative  rate 
coefficients,  kq  is  the  average  quenching  rate  coefficient,  and  [N2(a)J  is  the 
total  N2(a)  population  obtained  by  summing  over  all  vibrational  levels.  As 
stated  above,  losses  due  to  diffusion  are  negligible.  Combining  expres¬ 
sions  (8)  and  (9)  yields  the  result 
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(10) 


[N2(C,2)J  5k*  5kq[N2l 

[  N 2  ( a )  ]  -  =  ^C72  +  — ,T7T" 

r  r 


where 


There  is  thus  a  linear  relationship  between  the  ratio  [N2(C,  v=2)  J/[N2(a)  J  and 
total  N2  pressure.  The  quenching  rate  coefficient  is  simply  determined  by 
multiplying  the  ratio  of  the  slope  to  the  intercept  of  the  line  by  kra. 

A  plot  of  [N2(C, 2) ] / [ N2(a) ]  versus  N2  number  density  is  shown  in  Figure  19. 

The  data  does  indeed  form  a  straight  line  with  slope  9.55  +  0.44  x  10"^!  cm^ 
molecule-!  and  intercept  1.54  ±  0.05  x  10“^  statistical  error  bars  only).  The 
radiative  rate  used  in  expression  (10)  is  necessarily  an  average  over  all  of 
the  populated  vibrational  levels.  The  a-X  transition  probabilities  vary  slowly 
with  vibrational  level,  hence  averaging  these  values  is  not  a  significant 
source  of  error.  However,  radiation  from  the  a-a'  transition  must  also  be 
considered  as  part  of  kra  and  this  component  will  vary  rapidly  with  v  due  to 
the  roughly  frequency  cubed  scaling  of  the  low  frequency  infrared  transitions. 
We  have  calculated  the  transition  probabilities  for  the  a-a'  transition  using 
the  known  line  positions  and  Franck-Condon  factors^’^1  and  the  transition 
moments  of  Yeager  and  McKoy.^5  These  are  summarized  in  Table  4.  When  both 
transitions  are  considered  the  averaged  transition  probability,  <kra>,  becomes 
13835  +  225  s~l.  The  results  in  a  value  for  kQ  of  8.6  +  0.7  x  10“12  cm^ 
molecule"!  s“^,  a  15  percent  increase  over  the  a-X  value.  A  similar  analysis 
for  vibrational  level  6  only,  which  can  have  no  feed  from  higher  levels, 
yields  a  larger  quenching  rate  coefficient  of  8.5  +  1.8  x  10“H  cm^ 
molecule"!  s"  . 
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Figure  19.  Stern-Volmer  plot  for  N2(a)  electronic  relaxation. 

The  data  interpreted  in  this  manner  supports  the  existence  of  fast  vibra¬ 
tional  deactivation  competing  with  slow  electronic  deactivation  as  the  primary 
pathways  for  collisional  relaxation  of  N2(a)  molecules.  The  absence  of  any 
real  curvature  in  the  plot  of  Figure  19  might  indicate  that  radiative  and/or 
collisional  feed  from  either  N2(a' )  or  N2(v)  is  not  a  significant  source  of 
excitation  for  N2(a).  This  prompted  us  to  proceed  with  a  vibrational  deacti 
vation  analysis  of  ^(a)  assuming  that  the  a'  and  v  manifolds  do  not  play  an 
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TABLE  4.  N2(ai  Ilg-a' 1  Eu)  Einstein  coefficients. 


0 

1 

2 

3 

4 

5 

6 

Sum(a' ) 

99.74 

1211 

614.20 

2878 

351.60 

4516 

48.44 

6127 
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0.01 
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0.00 
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0.00 
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33.74 
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832. /0 
30x0 
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4621 
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0.08 

-110 
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804.80 

3138 

1325.00 

4721 

33.20 
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7085 

118.10 
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-3235 
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-1569 

0.01 

69 
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644.50 

3263 

1712.00 

4818 

553.90 

6346 

350.20 
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-4671 

422.70 

-3004 

106.60 

-1366 

0.13 
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439.90 

3382 

1996.00 

4910 

693.70 

92.23 

-6083 

467.10 

-4417 

527.00 

-2778 

59.40 

-1168 

0.18 

414 

76.51 

1970 

249.80 

3498 

1146.00 

42.33 

-7473 

330.40 

-5807 

786.00 

-4168 

499.00 

-2557 

25.59 

-974 

0.03 

580 

114.90 

2108 

1683.00 

17.11 

-8840 

186.70 

-7173 

697.80 

-5535 

1003.00 

-3924 

397.40 

-2341 

8.42 

-786 

0.18 

741 

2311.00 

6.50 

-10184 

89.95 

-8518 

472.20 

-6879 

1100.00 

-5269 

1073.00 

-3685 

275.30 

-2130 

1.91 

-602 

3019.00 

2.31 

-11506 

39.14 

-9840 

261.70 

-8201 

859.70 

-6591 

1424.00 

-5008 

988.60 

-3452 

163.10 

-1924 

3738.00 

0.83 

-12806 

16.27 

-11140 

129.30 

-9501 

557.20 

-7891 

1308.00 

-6308 

1618.00 

-4752 

821.10 

-3221 

4451.00 

0.31 

-14084 

6.37 

-12418 

58.62 

-10779 

313.10 

-9169 

946.90 

-7586 

1716.00 

-6030 

1625.00 

-4502 

4667.00 

0. 14 
-15341 

2.35 

-13674 

26.76 

-12036 

157.90 

-10425 

605.10 

-8842 

1423.00 

-7287 

2019.00 

-5759 

4234.00 

0.05 

-16575 

0.99 

-14909 

10.92 

-13270 

79.35 

-11660 

339.20 

-10077 

101.20 

-8521 

1901.00 

-6993 

2432.00 

TABLE  4.  Continued. 


v'v" 

0 

2 

3 

4 

5 

6 

Sum(a '  ) 

14 

0.05 

-17789 

0.99 

-16122 

10.92 

-14484 

79.35 

-12873 

339.20 
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626.40 

-9734 
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2310.00 

15 

0.00 
- 1898  i 

0.17 

-17314 

1.94 

-15676 

15.62 
- 14065 

91.83 

-12482 

354.60 

-10926 

1008.00 

-9399 

1472.00 

16 

0.00 

-20151 

0.07 

-18485 

0.71 

-16847 

7.66 

-15236 

41.63 

-13653 

203.70 

-12097 

622.80 

-10569 

876.60 

17 

0.00 

-21301 

0.02 

-19635 

0.30 

-17996 

3.16 

-16386 

19.65 

-14803 

102.60 

-13247 

358.50 

-11719 

484.30 

18 

0.00 

-22430 

0.00 

-20764 

0.14 

-19125 

1.25 

-17515 

9.79 

-15931 

48.98 

-14376 

203.80 

-12848 

264.00 

19 

0.00 

-23538 

0.00 

-21872 

0.06 

-20233 

0.49 

-18623 

4.76 

-17040 

22.32 

-15484 

110.40 

-13956 

1 38 . 00 

Sum 

99.74 

647.9 

1186.0 

943. 7 

2169.0 

2567.0 

2927.0 

important  role  in  a-state  vibrational  relaxation.  Kinetic  modeling  of  the  a, 
a-,  w  system  was  performed  system  to  assess  the  magnitude  of  any  errors 
introduced  by  this  assumption. 

The  vibronic  relaxation  of  N2(a)  can  be  treated  as  a  single  quantum  vibrational 
relaxation  within  the  manifold  which  competes  with  a  deactivation  process  which 
removes  vibrational  quanta  entirely  from  the  manifold.  At  the  lowest  pressure 
employed  (0.25  mtorr)  ^(a)  only  relaxes  radiatively.  The  steady  state  rate 
of  formation  of  a  given  level  can  be  equated  to  its  radiative  loss,  hence 


R 

v 


N°A 
v  v 


(12) 
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where  Rv  is  the  rate  of  information  of  level  v,  Nv°  is  the  ratio  of  N2(a,v)/ 

N 2 ( C , 2 )  in  the  collisionless  limit,  and  Av  is  the  total  emission  transition 
probability  for  level  v.  When  noimalized  by  the  C-state,  Rv  is  independent  of 
pressure.  At  higher  pressures  collisional  feed  from  higher  vibrational  levels 
piovides  an  additional  source  and  collisional  quenching  becomes  an  additional 
loss  mechanism.  Hence  expression  (12)  becomes 


R  ,  N  A 

V  V  V 
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Fquating  expressions  (12)  and  (13)  gives 
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where  kv^  is  the  electronic  quenching  rate  coefficient  for  level  v,  kV;V_}  is 
the  vibrational  quenching  rate  coefficient  for  level  v,  and  kv+|>v  is  the 
vibrational  quenching  coefficient  foi  the  level  v+1,  which  feeds  level  v.  An 
equation  such  as  (14)  can  be  written  for  each  vibration  level  and  summed  for 
all  levels  above  the  level  of  interest  to  extract  a  vibrational  quenching  rate 
coefficient.  The  resulting  expiession  is  given  by 
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(15) 


(•'xpi  ess  i  on  (lb)  relates  a  simple  sum  of  experimentally  measured  vibrational 
populations  and  transition  pi obab i 1 i t  ies  to  the  N2  pressure  in  a  linear 

The  model  assumes  a  knowledge  of  keV  for  each  level,  for  which  we 
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substitute  our  averaged  value  obtained  from  the  Stem-Volmer  analysis  pre¬ 
sented  previously.  With  this  assumption  ve  can  obtain  vibrational  quenching 
rate  coefficient  for  each  bound  vibrational  level.  The  predissociation  of 
levels  above  v=6  provides  a  convenient  upper  limit  for  the  sums  of  expres¬ 
sion  (15).  Plots  of  the  left  hand  side  of  expression  (15)  versus  N2  number 
density  are  shown  in  Figure  20  for  vibrational  levels  0-4.  Levels  5  and  6  are 
not  shown  but  their  rates  are  somewhat  slower.  For  each  of  these  levels  the 
data  clearly  defines  a  straight  line  with  the  slope  for  v=0  being  almost  flat. 
This  indicates  that  the  average  electronic  quenching  rate  coefficient  is 
approximately  correct  for  this  level.  The  intercepts  for  these  lines  are 
generally  larger  than  one  by  more  than  the  expected  experimental  error.  The 
intercepts  are:  1.91  +  0.18,  v=0;  1.88  ±  0.12,  v=l;  2.20  ±  0.15,  v=2; 

2.67  ±  0.34,  v=3;  1.35  +  0.32,  v=4;  1.07  ±  0.21,  v=5;  and  1.32  +  0.25,  v=6. 

The  errors  quoted  are  la  limits  obtained  solely  from  the  fit  to  the  data. 

This  could  possibly  indicate  the  presence  of  an  additional  source  term,  perhaps 
from  the  a' -state,  or  is  perhaps  due  to  propagation  of  experimental  errors 
through  the  analysis.  Both  explanations  would  predict  larger  deviations  from 
a  unit  intercept  for  low  vibrational  levels:  as  a  result  of  near  resonances  in 
the  a' -a  vibrational  levels  for  low  v  (see  Figure  13)  and  due  to  the  extended 
sums  required  for  the  calculation  of  rate  coefficients  for  the  lower  levels. 

The  rate  coefficients  derived  from  the  analysis  are  given  in  Table  5.  The 
largest  single  source  of  error  in  these  rate  coefficients  is  probably  the 
uncertainty  in  the  radiative  transition  probabilities,  especially  for  the  high 
vibrational  levels  where  coupling  should  be  small.  Of  course  the  values  are 
at  least  uncertain  by  the  magnitude  of  the  electronic  quenching  rate  coeffi¬ 
cient,  which  may  not  be  constant  with  vibrational  level.  These  uncertainties 
are  included  in  the  overall  estimate  of  experimental  accuracy. 

3 . 4  KINETIC  MODELING 

Kinetic  modeling  was  performed  to  establish  the  sensitivity  of  the  measured 
rate  coefficients  to  i  itersystem  cascade  processes.  A  standard  chemical 
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Figure  20.  Vibrational  relaxation  analysis  decay  plots. 

kinetics  modeling  code  was  employed  in  which  each  vibrational  level  of  the  a 
and  a'  states  were  treated  as  independent  species.  The  w  state  was  not  con- 
sidered  in  the  model  because  of  its  poor  electron  excitation  efficiency^4  and 
because  it  has  no  vibrational  levels  which  are  near-resonant  with  any  bound 
a  state  levels  (see  Figure  11).  Two  separate  criteria  were  used  to  judge  the 
effectiveness  with  which  the  model  reproduced  experimental  data.  The  first 
criterion  was  how  well  the  model  matched  the  total  rate  of  electronic  deacti¬ 
vation  of  the  a  state.  Secondly,  the  model  was  judged  on  how  well  it  repro¬ 
duced  the  measured  vibrational  distributions  at  1  and  72  mtorr. 


TABLE  5.  N2(a,v->v-l)  rate  coefficients. 


V 

kV)V-l  (10  H  cm!  molecule-!  s-l) 

1 

2.7  +  0.8 

2 

4.0  +  1.0 

3 

10.7  +  1.1 

4 

26.6  ±  1.5 

5 

23.0  ±  1.2 

6 

11.5  +  1.3 

Electronic  excitation  efficiencies  for  the  a  and  a'  states  were  taken  from  the 
work  of  Cartwright  et  al.^  The  efficiencies  were  partitioned  between  vibra¬ 
tional  levels  using  the  Franck-Condon  factors  between  these  levels  and 
N2(X,v=0)  taken  from  Lofthus  and  Krupenie.^  Levels  above  v=6  of  the  a-state 
were  not  considered.  Radiative  transition  probabilities  (listed  in  Table  2) 
for  the  LBH  bands  were  taken  from  Shemansky^  and  scaled  to  match  an  80  ps 
lifetime  for  v=0,  as  previously  discussed.  The  transition  probabilities  for 
the  a'-X  bands  were  taken  from  the  estimate  of  Golde^  and  assumed  to  be  inde¬ 
pendent  of  vibrational  level.  The  variation  of  a-a'  emission  is  much  more 
significant  in  magnitude.  There  are  no  measured  transition  probabilities  for 
the  a-a'  McFarlane  Bands.  We  have  calculated  transition  probabilities  using 
the  Franck-Condon  factors  and  r-centroids  from  Lofthus  and  Krupenie,^  spectro¬ 
scopic  constants  from  Huber  and  Herzberg,61  ancj  transition  moments  from  Yeager 
and  McKoy.65  These  are  reproduced  in  Table  4. 

The  electronic  deactivation  rate  coefficient  for  the  a-state  was  taken  from 
our  data  to  be  8.6  x  lO-!^  cm3  molecule-!  s-l  and  assumed  to  be  independent  of 
vibrational  level.  Electronic  deactivation  of  a'  vibrational  levels  was  also 
assumed  to  be  level-independent  and  assigned  a  value  of  3  x  10-13  cm^ 
molecule-!  s-!  in  accordance  with  the  high  pressure  deactivation  measurements 
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of  van  Veen,  et  al.^7  and  Piper. 66,67  This  effect  of  using  a  faster  rate  was 
determined  to  be  negligibly  different. 

The  collisional  rate  coefficients  which  couple  the  a'  and  a  vibrational  levels 
were  considered  for  four  cases.  In  Case  1  no  collisional  coupling  was  assumed 
to  occur  and  the  a-state  manifold  was  assumed  to  vibrationally  relax  with  the 
same  rate  coefficients  measured  from  our  experiments.  In  Case  2  the  a'  vibra¬ 
tional  manifold  was  allowed  to  intrasystem  relax  with  the  same  rate  coeffi¬ 
cients  measured  for  the  a-state  levels.  In  Case  3  the  levels  were  allowed  to 
couple  with  rate  coefficients  given  by  a  gas-kinetic  collision  coefficient 
weighted  by  the  exponential  of  the  energy  difference  between  the  coupled 
levels.  Vibrational  levels  of  N2(a')  which  couple  to  a-state  levels  above  v=6 
are  assumed  to  dissociate  the  molecule.  The  a  and  a'  vibrational  levels  are 
assumed  to  have  the  same  intrasystem  relaxation  rates  as  in  Case  2.  In 
Case  4  all  nearest  vibrational  levels  are  allowed  to  couple  with  gas  kinetic 
rate  coefficients.  Predissociating  levels  are  treated  the  same  as  in  Case  3. 
The  a  and  a'  intrasystem  vibrational  relaxation  rate  coefficients  were  set  to 
zero . 

In  Figure  21  we  show  a  plot  of  [ N2(C2 ) ] / [ N2 (a) J  versus  [ N2 ]  reproduced  from 
our  data  with  the  least  squares  values  of  Figure  19  substituted  for  the  actual 
data  points.  Aside  from  a  slight  offset  most  likely  due  to  calibration 
errors,  the  slope  of  the  line  in  Case  1  does  a  good  job  of  reproducing  the 
experimental  data.  In  all  Cases  (1-4),  the  total  deactivation  rate  was  rela¬ 
tively  insensitive  to  vibrational  deactivation  schemes.  This  is  due  to  the 
assumption  that  electronic  deactivation  is  independent  of  vibrational  level. 
Thus,  vibrational  relaxation  simply  moves  populations  between  vibrational 
levels  which  are  electronically  relaxed  with  equal  efficiency.  This  agreement 
with  data  is  seen  in  Figure  22  where  the  vibrational  population  data  recorded 
at  1  mtorr  also  closely  matches  the  model  prediction,  aside  from  the  offset. 
This  offset  is  well  within  the  range  of  experimental  error.  The  vibrational 
distribution  of  N2(a)  calculated  at  1.0  mtorr  is  identical  for  all  of  the 
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Figure  21.  Comparison  of  measured  electronic  relaxation  rate  data 
(averaged  as  solid  line)  with  kinetic  model  results 
for  selected  pressures  (open  symbols). 

rases  tested.  This  demonstrates  that  tiie  relaxation  processes  at  this  pres 
sure  are  dominated  by  radiative  mechanisms  and  collisional  coupling  of  a'  >a . 

The  vibrational  distribution  calculated  in  Case  1  at  72  mtorr  also  closely 
matches  the  data  (Figure  23).  The  agreement  is  to  be  expected  since  all  the 
assumptions  used  in  analyzing  the  data  are  incorporated  in  the  model. 
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Figure  22.  N2 (a , V ) /N? (C, 2 )  populations  at  1.0 
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The  deactivation  rate  predicted  by  the  Case  2  model  is  approximately  the  same 
as  is  observed  in  the  data  or  the  Case  1  model.  The  vibrational  distribution 
predicted  at  72  mtorr  is  significantly  more  relaxed  than  observed  in  the  data. 
If  the  a'  vibrational  levels  are  not  allowed  to  relax  to  lower  a'  vibrational 
level,  under  these  coupling  conditions,  the  vibrational  distribution  at 
72  mtorr  more  closely  matches  the  data.  This  indicates  that  strict  radiative 
coupling  of  the  manifolds  increases  the  a  state  vibrational  relaxation  rate  by 
providing  another  v-v  relaxation  channel. 


[n  Case  1  the  energy  gap  type  coupling  of  the  a'  and  a  vibrational  levels 
insults  in  a  large  enhancement  in  the  late  of  relaxation  of  the  levels  most 
closely  coupled,  i.e.,  a  state  levels  I  d  _-.apled  to  a'  state  levels  2  4.  The 
higher  vibrational  levels,  which  are  much  more  poorly  coupled,  remain  in 
reasonably  good  agreement  with  the  data.  The  modeling  clearly  shows  that  the 
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Figure  23.  Kinetic  modeling:  vibrational  distributions  at  77  mtorr. 

total  relaxation  rate  for  these  levels  has  been  overestimated  and  some  com¬ 
bination  of  lover  inter-  and  intrasystem  lelaxation  rate  coefficients  is 
required  to  reproduce  the  data. 

In  Case  4  (gas-kinetic  coupling)  the  apparent  electronic  relaxation  is  again 
comparable  to  the  data  (Figure  23)  and  the  vibrational  distribution  at 
72  mtorr  is  even  more  relaxed  than  under  Cases  2  or  3.  This  result  indicates 
that  improved  coupling  to  a  second  vibrational  manifold  may  efficiently  telax 
the  a-state  vibrations  via  intersystem  cascade.  Inclusion  of  the  intrasystem 


vibrational  deactivation  channels  in  the  a'  and  a  manifolds  has  a  minimal 
effect  on  the  calculated  vibrational  distribution.  Again,  the  model  over- 
predicts  the  rate  of  relaxation  for  low  levels  of  the  a-state.  In  this  case, 
the  population  of  high  vibrational  levels  is  overestimated  by  the  model, 
despite  tiie  fast  intersystem  relaxation  rates  employed.  This  indicates  that 
the  gas  kinetic  coupling  of  the  levels  feeds  too  much  of  the  populations  of 
higher  a  and  a'  levels  into  the  level  of  interest. 

Several  general  conclusions  can  be  drawn  from  our  modeling  study.  First,  the 

deactivation  Late  coefficients  measured  foi  vibrational  levels  4-6  are 
probably  reasonably  close  to  the  ttue  values.  The  modeling  shows  that  the 
observed  populations  are  relatively  insensitive  to  inter-  and  intrasystem 
cascade  from  higher  vibrational  energy  levels  of  either  state.  The  acceptor 
states  for  the  vibrational  energy  removed  from  these  levels  cannot  be  posi¬ 
tively  identified.  Tt  is  clear  that  if  energy  is  rapidly  removed  from  lower 
a  state  energy  levels,  then  a  substantial  feed  from  higher  levels  is  required 

ft'  account  foi  the  measured  populations.  This  would  tend  to  favor  a  intra¬ 

system  vibrational  cascade  process  as  the  primary  loss  mechanism  for  the 
higher  a  state  levels,  a  second  conclusion  we  can  draw  from  the  modeling  is 
that  our  experiments  cannot  provide  a  quantitative  estimate  of  the  magnitudes 
of  the  intersystem  and  intrasystem  cascade  processes  for  the  lower  vibrational 
levels.  Again,  rapid  removal  of  a  state  populations  in  these  levels  must  be 
balanced  by  feed  from  higher  levels  or  from  other  electronic  manifolds.  Feed 
into  these  levels  from  N 2 ( a '  )  and  ^(w)  is  possible;  however,  the  direct 
electron  impact  excitation  efficiencies  for  the  resonant  levels  are  quite  low. 
To  account  for  the  neatly  tenfold  increase  in  population  required  for  the 
models  to  match  the  data,  resonant  transfer  into  low  levels  of  the  a-state 
would  have  to  be  the  major  mode  of  relaxation  foi  the  entire  vibrational 
manifolds  of  these  states.  This  reasoning  also  favors  intrasystem  relaxation 
as  the  dominant  process. 

At  low  pressures  the  model  does  a  good  job  of  predicting  the  observed  data. 
While  the  model  predicts  an  (a ' , v-0) /N? (C , v-2 )  population  ratio  which  is 
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approximately  a  factor  of  two  greater  than  observed  in  our  data,  this  level  of 
error  is  acceptable,  considering  the  uncertainty  in  the  transition  probabili¬ 
ties  for  the  a'-X  transition.  The  model  also  provides  the  populations  of 
higher  a'  vibrational  levels.  These  populations  are  considerably  lower  than 
•--(>  and  hence,  given  the  a'-X  transition  probabilities,  we  would  not  expect  to 
observe  emission  from  higher  levels  of  the  a' -state.  This  sharp  decrease  in 
a'  state  populations  with  vibrational  level  is  largely  due  to  increases  in  the 
a' -a  transition  probabilities,  which  essentially  scale  as  (frequency).^  There¬ 
fore,  much  of  the  radiation  from  these  levels  occurs  in  the  McFarlane  infrared 
bands.  Simultaneous  observation  of  these  bands  would  help  to  provide  an 
increased  understanding  of  the  radiative  processes  which  are  occurring. 

1.5  DISCUSSION 

Rased  on  out  analysis  of  the  fluorescence  from  electron  irradiated  N2  in  the 
0 . 2  to  70  mtorr  pressure  range,  we  are  able  to:  a)  quantify  the  relative 
production  efficiencies  into  several  electronic  states  as  well  as  the  vibra¬ 
tional  distributions  within  those  states,  and  b)  measure  effective  vibrational 
quenching  rates  for  N2 (a , v ' -0-6 ) .  We  will  discuss  these  findings  in  relation 
to  upper  atmospheric  fluorescence  observa t i orts .  We  will  also  consider  in  this 
section  the  implications  of  this  quenching  on  atmospheric  emission  signatures 
in  the  VUV  and  the  infrared. 

1.5.1  Re  la  t ive  Production  Efficiencies 

Throughout  our  analysis  we  have  used  the  N 2 ( C IIU )  state  to  normalize  the 
observed  populations  of  the  other  electronic  states.  Our  fluorescence  data 
indicates  that  the  C-state  population  scales  linearly  with  the  total  pressure 
and  beam  current  (i.e.,  energy  deposition).  There  appears  to  be  no  signifi¬ 
cant  cascade  or  collisional  feed  into  levels  of  this  short-lived  (37  11s)  state 
under  our  experimental  conditions.  The  vibrational  distributions  we  observe 
agree  well  with  a  Franck-Condon  excitation/radiative  relaxation  model  at  all 
pressures,  at  least  up  to  80  mtorr.  This  also  indicates  that  the  bulk  N2 
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molecules  have  not  been  substantially  vibrat ionally  heated  by  electron  irradia¬ 
tion,  since  the  electron-excited  N2  C-state  vibrational  distribution  is  quite 
sensitive  to  the  parent  N2(X,v)  population.  The  total  electron  excitation 
cioss  section  tor  the  C-state  is  sharply  peaked  at  electron  energies  between 
11  and  30  eV.  The  a-state,  which  lies  at  lower  energy,  has  a  lower  excitation 
threshold  (8.6  eV).  Its  excitation  cross  section  is  similar  in  magnitude  to 
the  C  state  at  its  peak,  but  spans  a  range  from  10  to  80  eV  resulting  in  a 
larger  integrated  value  (electron  energy  ranges  given  are  for  differential 
cross  sections  within  an  e-fold  of  the  maximum). ^5  Measurements  of  the  rela 
tive  electron  excitation  cross  sections  for  the  E-  and  the  C-state  by 
Cartwright^  indicate  that  the  F.-state  production  rate  is  approximately 
2  percent  of  the  C-state  production  rate.  Moreover,  the  branching  ratio  for 
F,  state  emission  would  favor  E-A  ( Herman-Kaplan )  transitions  by  two  orders  of 
magnitude.  Consequently,  population  of  the  C-state  by  cascade  from  the 
Estate  and  higher  lying  Rydberg  states  should  be  negligible. 

At  out  lowest  pressures  quenching  of  the  a-state  does  not  occur  to  any 
significant  extent;  moreover,  diffusive  losses  are  minimized  by  using  a 
spatially  extended  electron  beam  which  overfills  the  detector  field  of  view. 
Hence,  losses  are  dominated  by  radiative  decay  and  will  accurately  reflect  the 
production  rates.  Under  these  conditions,  the  steady  state  populations  of  the 
Np  C  and  a-states  are  given  by  Eqs.  (8)  and  (9).  Using  krc  =  (37  ns)-*  and 
k,a  =  (85  ps)“l  (Refs.  6  and  62,  respectively),  we  obtain  kfa/kjc  =  3.1,  where 
kfa  includes  the  sum  over  all  observed  vibrational  levels  0-6.  Inclusion  of 
production  into  levels  above  v'=6,  which  predissociate,  would  raise  this  value 
by  13  percent  to  3.6.  Use  of  a  slower  radiative  rate-3®  would  increase  this 
ratio  further.  Cartwright^1  uses  a  value  of  2.1  for  this  ratio  in  his  model  of 
the  auroral  upper  atmosphere.  Green  and  coworkers^*  27  calculate  a  value  of 
2.64  for  primary  excitation  only.  Ve  have  only  observed  emission  from  the 
N2(a',  v'=0)  level,  even  though  Cartwright's  predictions  indicate  that  over 
99  percent  of  the  a'-state  excitation  is  into  higher  vibrational  levels  at 
altitudes  representative  of  the  low  pressures  employed  in  our  experiments. 
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Cartwright  shows  excitation  peaking  at  v'=7  (from  a  Franck-Condon  type 
process);  however,  levels  above  this  may  be  predissociative. 

Our  data  and  kinetic  modeling  indicate  that  the  a'  and  a  states  are  strongly 
coupled,  radiatively  and  collisionally  (a'  ->  a)  at  low  pressures,  and  colli¬ 
sionally  (a'  -»  a)  at  higher  pressures.  Consequently,  the  sum  of  the  a  and  a' 
formation  rates  (relative  to  the  C-state)  may  be  more  appropriate  to  compare 
with  Cartwright's  excitation  cross  sections.  Cartwright's  Table  1  (Ref.  4) 
yields  (kja  +  kfa' )/kf^  =  3.43  compared  to  our  corrected  value  of  3.6.  Hence, 
our  results  are  in  agreement  with  Cartwright's  measurements. 

Our  calculations  of  the  radiative  lifetimes  of  the  a'-state  indicate  that 
there  is  a  strong  dependence  on  vibrational  level.  Radiation  from  the  lowest 
levels  of  the  a'-state  is  dominated  by  emission  to  the  ground  state.  For 
increasingly  higher  vibrational  levels,  a' -a  emission  initially  competes  with 
and  eventually  dominates  emission  due  to  the  a'-X  transition.  This  implies 
that  under  collision-free  conditions  the  primary  de-excitation  mechanism  for 
these  states  is  radiative  relaxation  of  the  a'-state  to  form  the  a-state 
followed  by  rapid  emission  of  the  a-X  LBH  bands. 

Our  modeling  results  indicate  that  the  lower  vibrational  levels  of  the 
a'-state  are  dominantly  collisionally  coupled  to  the  a-state  at  all  pressures 
encountered  in  our  experiments  based  on  rate  coefficients  measured  by  van  Veen 
et  al.^?  and  Piper. ^  They  measured  a  coupling  rate  coefficient  for  a'(0) 
to  a(0),  a  process  which  is  1212  cm~l  endoergic,  to  be  2.3  x  10-^  cm^ 
molecule  1  s"  .  This  rate  should  reflect  a  reasonable  lower  bound  for  the 
more  resonant  and  exoergic  transfer  rates  for  higher  levels  of  the  a'-state. 
The  clear  absence  of  emission  from  a'-state  levels  greater  than  v'=0  supports 
this  contention  that  the  collisional  rate  dominates  the  emission  rate  for  a' 
levels  greater  than  zero.  This  statement  appears  to  be  true  even  when  the 
lower  limit  to  the  coupling  coefficient  discussed  above  is  used  in  the  model 
calculations.  Our  measurement  of  the  a-state  total  emission  intensity  is  in 
good  agreement  with  Cartwright's  predictions;  however,  the  details  of  the 
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intra-  and  intersystem  relaxation  processes  must  be  determined  by  more 
specific  laser  excitation  measurements. 

In  addition  to  transfer  from  the  a' -state,  cascade  excitation  of  the  a^IIg 
state  from  higher  energy  electronic  states  must  be  considered.  Emission  from 
the  C4'l£u+,  v'=0  state  into  v'=l  of  the  a^g  state  is  observed  in  the  midst 
of  the  N2(C-B)  Av=2  sequence  at  296.7  nm  (see  Figure  17).  This  state  has  been 
observed  to  have  the  largest  optical  emission  cross  section  of  all  the  N2  elec¬ 
tronic  states;^®  however,  the  primary  radiative  loss  mechanism  is  through  the 
strongly  allowed  C4'-^L=X^Eg+  transition.  Hence,  the  branching  ratio  between 
emission  on  this  transition  relative  to  the  C4'-a  transition  will  determine 
the  cascade  contribution  to  the  total  a-state  excitation  rate.  Measurements 
by  Filippelli,  Chung,  and  Lin^  have  established  that  the  branching  ratio  for 
emission  from  these  to  channels  (C4 ' -a/c4 ' -X)  has  an  upper  limit  of  0.006. 

When  coupled  to  Cartwright's  relative  electron  excitation  cross  section  for 
the  C4'  state, ^5  cascade  from  the  C4'  state  is  calculated  to  contribute  sub¬ 
stantially  less  than  one  percent  of  the  total  excitation  of  the  a^FIg  state. 
These  results  are  confirmed  by  the  electron  and  optical  emission  cross 
sections  for  the  a^ng  state  measured  by  Ajello  and  Shemansky.^^  They  estab¬ 
lished  an  upper  limit  on  the  cascade  contribution  of  five  percent  based  on  the 
close  agreement  between  the  two  cross  section  measurements.  Radiative  cascade 
from  other  high  lying  Rydberg  states  can  not  be  totally  precluded.  However, 
they  do  not  appear  to  be  a  significant  source  of  excitation  of  the  a  state. 

While  the  a-state  vibrational  distributions  we  observe  at  low  pressures  are 
roughly  consistent  with  a  Franck-Condon  excitation/radiative  relaxation  model 
for  the  states  involved,  caution  must  be  exercised  in  describing  the  electron 
excitation  process  as  being  entirely  Franck-Condon  in  character.  Careful 
measurements  of  the  relative  excitation  cross  sections  for  vibrational  levels 
of  the  a*flg  state  by  Ajello  and  Shemansky^  show  a  strong  dependence  on 
electron  energy  up  to  energies  of  approximately  20  eV.  At  higher  energies 
Franck-Condon  excitation  profiles  are  observed.  The  deviations  from  Franck- 
Condon  excitation  observed  in  our  data  are  spanned  by  the  variations  in  cross 


75 


sections  reported,  and  our  distribution  is  most  closely  matched  by  their  exci 
tation  efficiencies  observed  at  13  eV.'  Our  electron  beam  energy  is  nominally 
4.5  keV,  well  into  the  Franck-Condon  excitation  region.  Hence,  a  sizable  frac¬ 
tion  of  the  a-state  excitation  must  come  from  lower  energy  electrons  created 
from  scattering  of  the  primary  beam  by  the  N2  in  the  chamber.  The  uncertain 
nature  of  the  electron  energy  distribution  in  our  beam,  as  it  is  scattered, 
makes  it  difficult  to  quantify  the  relative  contributions  of  the  high  and  low 
energy  electrons  to  the  total  excitation  profile.  While  the  initial  ^(a) 
vibrational  distribution  has  no  hearing  on  the  subsequent  relaxation  kinetics, 
the  magnitude  of  this  source  will  affect  the  relative  excitation  efficiency  of 
a-state  relative  to  the  C-state. 

3.5.2  Vibrational  Redistribution 

The  N2(a)  state  vibrational  distributions  recorded  as  a  function  of  pressure 
clearly  show  that  extensive  vibrational  redistribution  is  occuning  in  addi¬ 
tion  to  a  slower  electronic  deactivation  process.  Our  goal  in  conducting  the 
various  kinetic  analyses  presented  is  to  place  bounds  on  the  rate  coefficients 
wherever  possible  so  as  to  guide  later  laser-based  selective  excitation  experi¬ 
ments.  The  electronic  quenching  analysis  for  the  a-state  provides  a  lower 
bound  on  the  true  average  electronic  quenching  coefficient,  since  total  cascade 
from  the  a'-state  is  not  considered  as  an  additional  population  mechanism. 
Recent  measurements  by  Piper  and  coworkers®^  suggest  that  pure  electronic 
quenching  of  the  a'-state  by  N2  is  quite  slow  (1.9  x  lO-!^  cm^  molecule-!  s-!) 
and  hence  much  of  the  excitation  in  the  a'-state  should  decay  via  coupling  to 
the  a-state  manifold.  The  measurements  of  Piper  et  al.  for  quenching  of  the 
a'-state  are  supported  by  the  coupled  relaxa  0.1  measurements  of  the  a-state 
reported  by  van  Veen  and  coworkers.  In  their  two-photon  excitation  measure¬ 
ments  of  the  a-state  at  high  pressures,  they  observed  quenching  of  the 
fluorescence  from  the  coupled  a'-a  system  to  have  a  rate  coefficient  of 
2.3  x  10~13  cm3  molecule-*  s-!.  The  only  a'-state  level  for  which  we  observe 
fluorescence  is  a'(0),  which  lies  1212  cm-!  below  a(0)  and  is  the  lowest  lying 
excited  singlet  vibrational  level.  This  level  is  poorly  coupled  to  the 
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a-state  and  hence  we  observe  its  emission  in  our  experiments.  Hence,  this 
state  may  act  as  a  moderately  long-lived  energy  carrier  (8.4  eV)  in  the  upper 
thermosphere  or  in  flow  tube  studies  involving  active  nitrogen. 

The  averaged  electronic  quenching  rate  coefficient  for  our  experiments  also 
compares  reasonably  well  to  the  low  pressure  quenching  results  of  van  Veen  and 
coworkers.  Their  data  on  relaxation  of  N2(a,  v=0,l)  at  pressures  from 
0.05  to  0.200  torr  give  nearly  identical  rate  coefficients  of  2.1  x  10“!!  cm^ 
molecule-*  s-!,  which  are  about  a  factor  of  two  faster  than  our  averaged 
values.'  While  this  result  is  significantly  higher  than  our  data  would 
indicate,  it  should  be  stressed  that  our  result  is  essentially  an  average  over 
all  of  the  observed  vibrational  levels  and  level  to  level  variations  in  the 
relaxation  rate  may  be  present. 

The  apparent  deactivation  rates  observed  for  the  a-state  increase  by  nearly  a 
factor  of  ten  over  the  range  of  vibrational  levels  studied.  Golde  and 
Thrush^  in  a  steady  state  flow  reactor  study  observed  a  similar  apparent 
order  of  magnitude  enhancement  with  vibrational  level.  Because  their  obser¬ 
vations  were  made  at  torr  pressures,  substantial  a-a'  coupling  may  exist. ^ 

We  feel  the  present  observations  in  the  millitorr  regime  provide  a  more  accu¬ 
rate  determination  of  the  deactivation  rates.  While  it  is  clear  that  the 
deactivation  analysis  is  inadequate  to  obtain  kinetic  information  about  the 
lower  vibrational  levels  of  this  state,  predissociation  of  a-state  levels 
above  v'=6  reduces  the  amount  of  cascade  into  the  levels  4-6  significantly  and 
reliable  kinetic  information  can  be  determined  for  these  higher  vibrational 
levels.  Intersystem  cascade  from  high  levels  of  the  a'-state  can  also  be 
ignored  because  these  levels  efficiently  couple  to  predissociated  levels  in 
the  a-state  manifold.  The  deactivation  rates  we  obtain  are  near  gas-kinetic 
for  the  higher  levels  and  are  significantly  faster  than  what  would  be  expected 
for  a  simple  V-T  relaxation  process.  The  observation  of  these  accelerated 
rates  alone  argues  that  resonant  electronic  energy  transfer  between  the  a  and 
a'  states  must  account  for  a  significant  component  of  the  observed  relaxation 
process.  Furthermore,  the  fact  that  near  gas-kinetic  relaxation  rates  are 
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observed  argues  that  collisional  cascade  into  these  upper  levels  does  not 
occur  to  a  significant  extent.  If  collisional  cascade  was  important  then 
relaxation  rates  larger  than  gas  kinetic  would  be  required  to  obtain  the 
apparent  rates  measured  in  the  laboratory. 

The  theories  for  intersystem  electronic  relaxation  where  both  collision 
partners  have  internal  degrees  of  freedom  are  poorly  developed  and  few  con 
elusions  can  be  drawn  about  the  specifics  of  the  relaxation  process  from  the 
available  data.  Simple  scalings  with  vibrational  energy  level,  energy  defects 
with  collision  partners,  or  Franck-Condon  factors  between  initial  and  final 
states  do  not  seem  to  readily  fit  our  data.  As  a  result  a  more  detailed  com 
parison  with  theory  does  not  seem  warranted. 

3.5.3  Discussion  of  Field  Observations 

Vihrational  distributions  for  N2(a)  have  been  observed  in  the  dayglow  via  both 
sounding  rocket  and  satelli  te^'^-1  observations.  Recent  analysis  of  this  data 
by  Meier  et  al.^O  and  Conway^  have  concluded  that  the  distributions  arise 
from  photoelectron  excitation,  i.e.,  the  results  are  quite  similar  to  the 
auroral  observations  of  Feldman  et  al.^2  and  Pastes  and  Sharp^  Differences 
between  the  spectra  include  an  apparent  depletion  of  Nyfa,  v'= 3)  and  enhance 
ments  in  a-state  levels  0  and  1.  Explanations  for  the  apparent  enhancement  in 
the  lower  levels  have  included  radiative  cascade  from  the  c^'  state  (discounted 
by  Ajello  and  Shemansky^  and  Filipelli  et  al.^9)  and  cascade  from  the  a'-state. 
Our  data,  and  our  electron  excitation  model  which  closely  matches  our  data 
(Figure  22),  does  not  support  radiative  and/or  collisional  feed  of  these  levels 
from  the  a'-state  at  1.0  mtorr  (95  km)  as  the  mechanism  for  producing  the  sig¬ 
nificant  enhancements  observed  in  the  a-state  lower  vibrational  levels.  Since 
most  of  the  data  available  is  for  higher  altitudes  this  would  further  preclude 
the  a'-state  cascade  mechanism.  The  threshold  effects  advanced  by  Ajello  and 
Shemansky^  to  explain  enhancements  in  the  lower  vibrational  levels  do  result 
in  an  apparent  "flattening"  of  the  vibrational  distribution,  which  approaches 
dayglow  measurements  for  electron  energies  of  9.5  eV.  At  these  energies 
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(8.5  to  8.8  eV)  the  vibrational  excitation  observed  will  be  a  strong  function 
of  the  photoelectron  energy  distribution.  A  careful  correlation  of  simultane¬ 
ously  measured  N2(a,v)  emission  intensities  and  photoelectron  distributions 
are  required  to  accurately  evaluate  this  mechanism. 

Observations  of  LBH  emission  in  the  nightglow  are  poorly  understood.  The 
measurements  by  Huffman  et  al.^  and  subsequent  reanalysis  of  the  data  by 
Meier  and  Conway^'^-1  indicate  an  a-state  vibrational  distribution  which  is 
quite  strongly  peaked  for  low  vibrational  levels  (Figure  24).  The  measurements 
were  conducted  aboard  a  polar  orbiting,  nadir  viewing  satellite  with  a  viewing 
altitude  which  ranged  from  160  to  260  km.  Subsequent  higher  resolution  data 
reported  by  Torr  et  al.^  from  Spacelab  I  does  show  spectra  in  the  1200  to 
1800A  region  which  have  been  labeled  as  LBH  bands.  Our  analysis  of  this  pub¬ 
lished  data  using  the  spectral  synthesis  techniques  used  to  analyze  the 
laboratory  data  reported  here  indicates  that  there  is  no  consistent  assignment 
of  the  bands  observed  in  the  data  to  LBH  spectral  features.  In  particular,  we 
find  that  bands  occurring  in  a  progression  originating  from  a  common  a-state 
vibrational  level  are  often  missing.  This  leads  us  to  conclude  that  this  data 
is  not  dominantly  due  to  LBH  band  emission  and  is  potentially  contaminated  by 
neai-field  effects.  No  further  analysis  of  this  data  has  been  attempted. 

Our  analysis  of  the  data  of  Huffman  et  al.^2  confirms  previous  analyses  which 
showed  only  fair  agreement  between  the  spectrum  and  a  pure  LBH  spectrum  at  the 
quoted  resolution.  Meier  and  Conway'*-’  showed  that  absorption  of  LBH  emission 
by  atmospheric  O2  could  not  account  for  the  deviations  from  the  expected 
emission  profile.  Our  analysis  of  the  1  304A  O-atom  line  from  this  data 
indicates  the  actual  spectral  resolution  of  the  data  is  closer  to  30A  than  the 
2.5A  quoted  spectral  resolution.  This  factor  alone  does  not  significantly 
improve  the  fit.  Our  experimental  observations  of  N2(a',v'=0)  emission  in 
this  region  has  indicates  that  the  a'-state  could  be  an  important  radiator. 
Addition  of  transitions  arising  from  the  N2 (a ' -X, v ' =0)  state  and  well  known 
N  atom  lines  to  the  fit  results  in  further  improvement.  Finally,  addition  of 
CO(A-X)  (Fourth  Positive)  bands  to  the  fit  produces  the  fit  obtained  in 
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1.00 


□  MEIER  AND  CONWAY  ANALYSIS 
O  ANALYSIS  FROM  THIS  WORK 
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Figure  24. 


Vibrational  distributions  for  N2(a 
to  data  of  Huffman  et  al.^ 


’¥ 


obtained  from  fit 


Figure  25.  The  vibrational  distributions  obtained  from  these  fits  are  shown 
in  Figure  24.  These  distributions  do  indeed  show  an  N2(a)  state  vibrational 
distribution  which  is  peaked  at  low  v  and  somewhat  insensitive  to  the  addition 
of  other  radiators.  The  C0(A)  state  vibrational  distribution  obtained  from 
the  fit  is  non-physical  and  illustrates  the  limitations  of  trying  to  fit  data 
of  such  coarse  resolution  with  a  large  number  of  basis  functions.  Further 
efforts  to  spectrally  fit  data  in  order  to  obtain  populations  which  may 
elucidate  the  production  mechanism  must  await  higher  resolution  data  from 
which  distinct  band  systems  can  be  conclusively  identified. 

Comparison  of  our  data  with  auroral  data  and  modeling  predictions  provides 
some  insight  into  the  Loie  of  radiative  and  collisional  coupling  of  the 
a' -state  to  the  a  state.  The  primary  controversy  concerns  the  degree  to 
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Figure  25.  VUV  nightglow  data  of  Huffman  et  al.^2  (light  line)  and 
spectral  fit  to  data  (dark  line). 

which  a' -state  cascade  contributes  to  the  lower  vibrational  levels  of  the 
a  state  under  auroral  conditions.  Our  a-state  vibrational  distributions  for 
1.0  mtorr  of  (95  km),  Cartwright's  auroral  model  predictions  for  110  km,^ 
and  Meipt  » *■  al.'s^O  analysis  of  the  data  of  Feldman  and  Gentieu^  (160  to 
180  km)  are  shown  in  Figure  26.  The  largest  differences  between  the  three 
vibrational  distributions  are  clearly  in  the  prediction  for  v'=0  where 
Cartwright  predicts  a  value  2.2  times  greater  than  observed  by  Meier  and 
coworkers,  while  our  data  give;,  a  value  44  percent  larger.  From  this  dis¬ 
crepancy  Meier  and  cowmkers  concluded  that  radiative  cascade  did  not  play  an 
important  role  in  the?  production  of  the  a-state.  This  disagreement  is  most 
likely  a  result  of  Cartwright's  use  of  NyB^^A  transition  probabilities  to 
estimate  the  a '  <-  >a  intersystem  radiative  cascade  rates.  Our  calculations, 
based  on  the  transition  moments  of  Yeager  and  McKoy,^  clearly  show  signifi¬ 
cantly  lowet  transition  probabilities  for  these  bands.  Hence,  the  radiative 
cascade  contribution  to  the  a-state  population  rate  is  significantly  smaller. 
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Figure  26.  Auroral  predictions  and  data. 


Our  data  for  a-state  levels  1  and  2  also  show  enhanced  population  over  both 
the  higher  altitude  auroral  data  and  the  radiative  cascade  model  of 
Cartwright.  This  discrepancy  can  be  explained  if  additional  collisional 
coupling  of  the  lower  levels  of  the  a'-state  is  allowed.  Recent  estimates 
place  the  radiative  lifetime  of  the  lower  levels  of  the  a'-statc  at  approxi¬ 
mately  25  ms. 6?  At  95  km  only  a  modest  collisional  rate  coefficient  of 
1.2  x  10-12  cm3  molecule-1  s-1  is  required  to  couple  a'(2)-a(l)  and  a'(3)-a(2). 
The  ladder  diagram  of  Figure  13  shows  these  levels  to  be  resonant,  while 
coupling  for  higher  levels  is  increasingly  non-resonant  and  endoergic.  If 
collisional  coupling  is  gas  kinetic,  this  process  must  be  considered  important 
up  to  altitudes  of  approximately  130  km.  This  also  implies  that  few  labora¬ 
tory  measurements  of  a'-state  kinetics  can  be  made  in  a  regime  in  which 
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coup1  .g  to  the  a-state  is  negligible.  Furthermore,  it  explains  why  emission 
tiom  a' -state  levels  greater  than  v=0  are  not  observed  in  our  experiments.  At 
all  pressures  attainable,  the  lower  a'-state  vibrational  levels  are  colli- 
sionaliy  coupled  to  the  a-state  while  the  higher  a'-state  levels  are  radia- 
tively  coupled  to  the  a-state  at  rates  which  dominate  over  emission  on  the 
a'  X  Ogawa  Tanaka  Vi lkinson-Mul liken  Bands. 

1.5.4  Predictions  of  Altitude  Scaling  of  Infrared  Radiance 

The  application  of  oui  obseived  lates,  as  well  as  a  variety  of  possible  inter¬ 
system  energy  transfer  rates,  provides  some  insight  into  the  implications  of 
col  1  is ional  ami  radiative  coupling  of  the  a  and  a'  states.  As  previously 
stated,  the  long  ladiative  lifetimes  of  the  lower  vibrational  levels  of  the 
a'  state  allow  for  collisional  coupling  of  these  levels  to  low  levels  of  the 
a  state  at  altitudes  as  high  as  110  km  (foi  gas  kinetic  coupling  rate  coeffi 
dents.)  The  model  predictions  for  the  a  and  a'  state  vibrational  distribu 
tions  at  ^5  km  (Figure  27)  clearly  show  a  dip  in  the  near-resonant,  a'-state 
vibrational  populations  and  a  corresponding  increase  in  the  a  state  receptor 
level  populations.  Using  our  spectral  synthesis  codes  we  are  able  to  predict 
the  spectral  signature  of  the  a  a'  and  a'-a  bands  for  this  set  of  vibrational 
distributions  (Figure  28).  The  spectrum  is  most  intense  in  the  2  to  4  pm 
i  ange  where  the  a-a'Av-1  sequence  bands  and  the  a'-aAv-.l,4  sequence  bands  are 
prominent.  At  altitudes  greater  than  110  km  the  relaxation  of  the  a'  -state  is 
dominated  by  radiation.  Hence,  the  level  dependent  depletion  of  the  a'-state 
levels  due  to  resonant  transfer  is  eliminated.  This  results  in  enhanced  emis 
sion  from  lower  a'-state  vibrational  levels,  as  shown  in  Figure  20  where  the 
Av-2  sequence  bands  in  the  5.5  to  7.0  pm  region  are  increased  in  intensity. 
This  emission  occurs  in  a  region  where  little  infrared  emission  occurs  in  the 
quiescent  atmosphere  and  hence  should  be  observable  in  the  high  altitude 
regions  of  most  aurora.  The  ratio  of  omission  intensities  of  these  bands 
(7  to  8  pm)  to  the  N2(C-B,0-0)  transition  at  1.171A  is  estimated  to  be  11.4  at 
an  altitude  of  130  km.  These  predictions  point  out  the  need  for  improved  IR 


Figure  27.  Model  predictions  for  ^(a)  and  ^(a')  vibrational 
distributions  at  95  km. 

field  observations  of  the  amorally  disturbed  atmosphere  to  correlate  labora 
tory  measurements  and  models  with  actual  dynamical  processes. 


t.b  CONCI.USroNS 


The  global  deactivation  rate  foi  loss  of  N^fa^iTg)  molecules  by  electronic 
quenching  has  been  experimentally  determined  to  be  greater  than  or  equal  to 
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Figure  28.  Predicted  emission  spectrum  of  N2  McFarlane  bands  at  95  km. 
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Figure  29.  Predicted  emission  spectrum  of  N2  McFarlane  bands  at  130  km. 


8.9  x  cm3  molecule'^  s'*.  Feed  into  the  a-state  from  higher  electronic 

states  does  not  appear  to  be  significant  based  on  spectral  surveys  and  N2 ( C ) 
state  normalization.  A  substantial  redistribution  of  the  vibrational  popula¬ 
tions  within  the  a-state  as  a  function  of  pressure  is  observed.  Total  quench¬ 
ing  rate  coefficients  for  vibrational  levels  4-6  approach  gas  kinetic  values. 
Intersystem  energy  transfer  from  the  Nyfa'^E^)  state  to  lower  vibrational 
levels  of  the  a-state  cannot  be  distinguished  from  intrasystem  vibrational 
telaxation  within  the  a-state  manifold.  An  analytical  model  developed  in 
light  of  these  observations  indicated  that  a  state  intrasystem  vibrational 
relaxation  could  not  be  distinguished  from  intersystem  collisional  cascade. 
Future  state  specific  laser  excitation  experiments  are  required  to  distinguish 
these  competing  pathways.  The  observed  vibrational  redistribution  within  the 
a-state  indicates  that  there  should  be  an  altitude  dependence  of  LBH  band 
emission  intensities  in  an  auroral  arc.  Furthermore,  at  the  highest  altitudes 
(above  130  km)  both  a'  and  a-state  emission  may  be  observed.  The  relative 
intensities  of  the  band  systems  will  exhibit  markedly  different  altitude 
dependences.  Bands  arising  from  the  a'  state,  high  v  levels  of  the  a  state 
and  low  v  levels  of  the  a  state,  will  he  quenched  at  successively  lowet 
altitudes.  We  are  presently  trying  to  observe  the  a  and  a'  infrared  in  the 
laboratory.  We  have  also  started  laser  excited  s ta te - spec i f i c  relaxation 
studies  to  test  some  of  t lie  hypotheses  suggested  by  the  more  global 
observations  reported  here. 


4.  ELECTRON -IMPACT  EXCITATION  OF  THE  N2+  MEINEL  BAND 


4.1  INTRODUCTION 

The  N2  +  (Ai-nu)  state  plays  an  important  role  in  the  aurora  or  disturbed  upper 
atmosphere.  Because  N2+(A2nu)  is  efficiently  produced  in  the  ionization  of  N2 
(Vallance  Jones  and  Gattinger;^  Gattinger  and  Vallance  Jones^)  the 
N2+(A2nu  -  X2£g+)  Meinel  bands  are  bright  features  in  the  auroral  spectrum. 
Radiative  and  collisional  loss  of  the  N2+(A)  state  leads  to  vibrat ionally 
excited  N2+.  Thus  the  distribution  of  vibrational  excitation  of  N2+(X2Eg+)  in 
the  aurora  depends,  in  part,  on  the  excitation  and  relaxation  of  the  A2nu 
state.  The  relative  electron-impact  excitation  rates  of  the  lower  vibrational 
levels  of  the  A2  JIU  state  are  reasonably  well  es  tabl  ished  .  2  >  ^  2  *  13 , 76 , 77  gow 
ever,  reported  values  for  the  absolute  elec t ron- impac t  excitation  cross  section 
differ  by  an  order  of  magni tude. ^2 ’ 

The  discrepancies  in  absolute  cross  sections  result,  in  part,  from  past 
difficulties  in  determining  the  effects  of  quenching  of  the  A2nu  state.  We 
have  reported  recently  the  quenching  rate  coefficients  for  the  ionic  A  state 
by  air,  N2 ,  and  02.^  In  the  present  study  we  have  measured  relative  rates 
for  elec t ron- impac t  excitation  of  vibrational  levels  2-7  of  the  N2+(A2nu) 
state  by  determining  the  relative  intensities  of  Meinel-band  emission  from 
vibrational  levels  2-7  it  pressures  for  which  quenching  is  negligible.  By 
combining  the  relative  intensities  of  the  Meinel  bands  with  an  extrapolation 
to  zero  pressure  of  the  ratio  intensities  of  the  N2+  First  Negative  band  to 
the  Meinel  bands,  we  have  determined  the  ratio  of  the  cross  sec-tions  for 
electron  impact  ionization  into  the  A2nu  state  to  that  into  the  B2£u  +  state. 
From  this  ratio,  and  the  known  cross  section  for  elec t ron- impac t  ionization  of 
N2  into  the  B2EU  +  state, ^  we  can  infer  the  total  cross  section  for  producing 
the  N2+(A2nu)  state  by  the  impact  of  3  to  6  keV  electrons  on  N2. 
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4.2  EXPERIMENTAL 


These  measurements  were  made  using  the  Air  Force  Geophysics  Laboratory's 
LABCEDE  facility  as  described  previously.  This  apparatus  consists  of  a 
cylindrical  vacuum  chamber  measuring  lm  in  diameter  by  3.4m  long  in  which 
beams  of  3  to  6  keV  electrons  with  currents  up  to  20  mA  irradiate  atmospheric 
species.  The  gas  samples  flow  under  plug  flow  conditions  along  the  axis  of 
the  chamber  sufficiently  rapidly  to  eliminate  the  effects  of  quenching  by 
electron-beam  created  species.  Fluorescence  was  observed  both  perpendicular 
to  the  electron  beam  and  at  an  acute  angle  of  19  deg  to  the  electron  beam, 
both  viewing  geometries  giving  identical  results.  A  0.3m  (McPherson  218) 
monochromator  operated  with  a  1200  groove/mm  grating  blazed  at  500  nm  resolved 
the  fluorescence.  A  Corning  3-71  colored  glass  filter  eliminated  second  order 
spectra  to  the  red  of  500  nm.  The  second  order  rejection  ratio  was  10~6,  more 
than  sufficient  to  prevent  contamination  of  the  Meinel  (2,0)  band  fluorescence 
at  782  nm  by  the  second  order  of  the  First  Negative  (0,0)  band  at  391  nm.  An 
HTV  955  photomultiplier  tube,  biased  to  provide  a  gain  of  5  x  10^,  detected 
the  signal.  A  picoammeter /recorder  combination  amplified  and  displayed  the 
photomultiplier  output. 

The  fluorescence  was  resolved  spatially  by  collecting  the  fluorescence  with  a 
5  cm  diameter,  10  cm  focal  length  Suprasil  lens  and  focussing  it  onto  the 
slits  of  the  monochromator.  The  slit  height  was  adjusted  to  limit  the  field 
of  view  of  the  monochromator  to  only  the  central  region  of  the  fluorescing 
volume  excited  by  the  electron  beam.  The  spatial  resolution  permitted 
discrimination  of  the  Meinel  bands  from  the  First  Positive  bands.  Approxi¬ 
mately  80  percent  of  the  Meinel  (and  First  Negative  band)  excitation  is  due  to 
primary  electrons  in  the  beam,  whereas  90  percent  of  the  nitrogen  First  Posi¬ 
tive  band  excitation  is  due  to  secondary  electrons. ^6  The  primary  electrons 
in  the  beam  are  confined  to  a  narrow  and  well  defined  central  core  of  the 
electron  beam  as  it  traverses  the  chamber.  On  the  other  hand,  the  secondary 
electrons  created  in  the  ionization  processes  scatter  at  preferred  angles 
between  45  and  90  deg  to  the  incident  primaries. ^6  In  effect,  therefore  the 
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secondaries  will  appear  to  be  distributed  uniformly  around  the  primary  beam. 
Thus  by  limiting  the  field  of  view  to  the  central  core  of  the  primary  beam, 
Meinel  emissions  are  observed  pi ef eren t ial 1 y .  At  the  same  time  the  field  of 
view  was  kept  sufficiently  large  to  eliminate  effects  of  diffusion  of  Ny+fA) 
out  of  the  field  of  view.  Of  course,  at  the  lowest  pressures  (<  1  mtorr) 
where  the  number  of  secondary  electrons  created  is  small  and  their  range  is 
very  lrge  compared  to  the  size  of  the  primary  beam,  the  degree  of  First 
Positive  band  excitation  relative  to  the  Meinel  band  excitation  is  only  a  few 
percent  at  most.  At  higher  pressures,  however,  the  effects  of  excitation  by 
secondary  electrons  grow  much  more  rapidly  than  the  effects  of  primary  exci¬ 
tation.  Thus  spatial  discrimination  becomes  imperative.  The  operating 
pressures  always  represented  thin  target  conditions;  i.e.,  very  little  of  the 
beam  energy  was  deposited  in  the  gas  and  little  beam  spread  occurred. 

4.1  RESULTS  AND  DISCUSSIONS 

The  relative  excitation  rates  of  the  Meinel  bands  were  measured  by  scanning 
the  spectrum  of  the  Meinel  bands  between  600  and  850  nm  at  pressures  suffi 
ciently  low  (~  0.70  mtorr)  to  minimize  the  effects  of  quenching  and  of 
secondary  electron  excitation.  Correcting  the  integrated  intensities  of  the 
various  emission  features  by  the  appropriate  transition  probabilities®’®^  and 
the  monochromator  response  function  gives  the  relative  populations  in  each  of 
the  observed  emitting  states.  In  most  cases  at  least  two  different  bands  from 
the  same  upper  levels,  v'=2-7,  were  observed  in  the  spectral  range.  All  such 
redundant  observations  agreed  to  better  than  7  percent.  Table  6  lists  the 
present  results  normalized  to  the  population  in  v'=2.  The  relative  popula¬ 
tions  of  v'=0  and  1  were  estimated  by  taking  the  ratio  of  the  relevant  Franck- 
Condon  factors®  for  excitation  of  these  levels  to  that  of  v'=2. 

The  values  for  the  relative  electron- impact  excitation  rates  of  vibrational 
levels  v  =  2-7  of  the  A^riy  state  reported  here  agree  quite  well  with  both  the 
auroral  observations  of  Gattinger  and  Val lance-Jones®  and  the  laboratory 
measurements  of  Mendelbaum  and  Feldman,'7®  Shemansky  and  Broadfoot,^  ancj 
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TABLE  6.  Relative  Meinel-band  excitation  rates. 


Auroral  Data 

Lab  Data 

Franck- 

Condon 

Lpvel 

Presen  t 
Resul  ts 

Gattinger  and 
Vallance 
Jones 
(Ref.  3) 

Mandelbaum 

and 

Feldman 
(Ref.  76) 

Shemansky 

and 

Broadfoot 
(Ref.  12) 

Skubeni ch 
and 

Zapesochnyy 
(Ref.  77) 

Lof  thus 
and 

Krupenie 
(Ref.  6) 

0 

(1.28) 

1.4 

1.42 

1.07 

1.28 

1 

(1.49) 

1.59 

1.44 

1.46 

1.41 

1.49 

2 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

3 

0.51 

0.61 

0.52 

0.53 

0.52 

0.52 

4 

0.26 

0.23 

0.24 

0.25 

0.25 

0.23 

5 

0.105 

0.110 

0.092 

6 

0.04  7 

0.051 

0.035 

7 

0.036 

0.013 

Skubenich  and  Zapesochnyy . ^7  The  relative  excitation-rate  measurements  also 
agree  with  Franck-Condon  factors  for  excitation  of  the  a2jiu  state  by  ioniza¬ 
tion  of  the  ground  state  of  the  N2  molecule.  Katayama  et  al.^8  have  shown 
that  collisional  coupling  between  the  N2  +  (x2j]g)  state  and  the  N2 +  ( A^ nu )  state 
is  rapid  even  at  fairly  low  pressures.  The  question  arises,  therefore,  whether 
the  relative  electron-impact  excitation  rates  reported  here  are  actually 
excitation  rates  into  high  vibrational  levels  of  the  X  state  with  the  A  state 
being  populated  only  by  collisions.  This  collisional  coupling  is  not  important 
in  these  studies,  however.  At  the  electron  energies  used  in  this  investiga¬ 
tion,  electron-impact  ionization  is  a  Franck-Condon  process,  and  produces  a 
vibrational  distribution  proportional  to  the  appropriate  Franck-Condon  factors. 
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The  measured  A  state  vibrational  level  distribution  agrees  well  with  the  rela¬ 
tive  Franck -Condon  factors.  The  Franck-Condon  factors  for  X  state  production 
of  vibrational  levels  with  energies  comparable  to  the  A-state  energies  observed 
here  (i.e.,  v"=6-12)  are  6  to  7  orders  of  magnitude  smaller  than  those  for 
pi  educing  the  A  state  levels. 6  Additionally  no  change  in  the  relative  distri¬ 
bution  was  observed  as  pressure  was  slowly  increased.  Our  quenching  studies 
have  already  defined  the  range  of  pressures  below  which  collisional  effects 
are  minimal. Cross  sections  for  exciting  higher  lying  states  of  N2+  which 
could  then  produce  N2+(A^nu)  via  radiative  cascade  are  too  small  to  affect  the 
present  results.  For  example,  no  rig  -  A^lly  (Janin  -  d'Incan  System)  emission 
was  observed  between  200  and  300  nm. 

The  Stern-Volmer  analysis  used  in  the  quenching  measurements^  showed  that  the 
ratio  of  the  First  Negative  band  emission  intensity  Ig  to  the  Meinel  band 
emission  intensity  I ^  is  given  by 


TB  1  kQ101 

rA  '  «  +  ^r 


(16) 


where  a  is  the  ratio  of  the  Neinel  band  excitation  rate  to  the  First  Negative 
band  excitation  rate,  kg  is  the  rate  coefficient  for  quenching  by  species  Q, 
l 0 ]  is  the  number  density  of  Q,  and  kr  is  the  total  radiative  rate  for  the 
given  vibrational  level  of  the  A  state. 

When  corrected  for  monochromator  response  and  the  appropriate  factors  to 
convert  the  peak  height  measurements  used  in  the  quenching  runs  to  band 
areas,  the  intercepts  of  the  quenching  plots  give  the  cross  section  ratios 
<tB,v'-0  -»  X,v"=0/aA,v'  -»  X,v"  of  1.7,  2.5,  and  8.0  for  the  2,0,  3,1,  and 
4,1  bands  respectively.  The  uncertainty  in  each  of  these  ratios  is 
+10  percent.  These  ratios  were  invariant  for  electron  beam  energies  between 
2.5  and  6  kV  and  beam  currents  between  6  and  21  mA.  If  we  correct  these 
values  for  the  fraction  of  total  N2+(B)  production  appearing  in  the  0,0 


91 


r 


t  ransi  t  i on®  *  ®  ®  •  ®® » ®c*~91  an(^  the  blanching  ft  act  ion  of  total  N2+(A)  emission 
from  a  given  tipper  level  to  that  from  the  observed  bands,!’ 87  anc]  then  usc.  t|)P 
relative  Meinel  excitation  vales  determiner)  here  to  correct  further  for  total 
Np+(A)  production,  we  find  that  the  ratio  of  the  cross  section  foi  total  A 
state  production  to  that  for  B  state  production  is  4.1  +  0.7.  This  ratio 
concurs  moderately  with  the  ratio  of  5.7  +  2.0  determined  by  Gattinger  and 
Vallance  Jones^t®  from  auroral  observations.  Their  measurement  is  subject  to 
substantial  uncertainty  becaues  it  involves  estimates  of  absolute  auroral 
intensities  made  in  different  wavelength  regions  at  different  times.  in 
theory  our  laboratory  observations  and  the  auroral  observations  ought  to  agree 
on  the  ratio  of  A-state  to  B  state  excitation  because  both  systems  involve 
excitation  by  electrons  primarily  in  the  keV  range  where  the  excitation  cross 
section  ratio  is  invariant  with  energy. Meinel  quenching  in  aurorae  is 
generally  negligible,  although  some  quenching  occasionally  appears  in  deeply 
penetrating  aurorae.^ 

Given  that  the  ratio  of  the  A  state  to  B  state  cross  sections  is  invariant 
with  electron  energy  down  to  below  100  eV,  an  absolute  A  state  excitation 
cross  section  can  be  determined  using  Borst  and  Zipf's  measurement®-®  of  the 
391. A  nm  excitation  cross  section  at  100  eV,  (1.74  +  0.17)  x  10  ^  cm^,  the 
peak  of  the  exci ta t ion- func t i on  curve.  This  results  in  excitation  cross  sec¬ 
tions  of  (10.1  ±  1.4),  (7.0  +  1.0),  and  (2.2  +  0.3)  x  10~®®  cm^  for  excitation 
of  the  Meinel  2,0,  3,1,  and  4,1  bands  respectively.  From  the  total  cross 
section  ratio  given  above,  we  infei  a  total  elec t ion- impac t  excitation  cross 
section  for  N2+A  production  of  (1.15  +  0.23)  x  10~®®  cm®.  Table  7  compares 
the  present  measurements  with  other  reported  values.  The  great  range  in  the 
values  reported  for  the  electron-impact  excitation  cross  section  of  the  Meinel 
bands  is  somewhat  disturbing.  The  present  results  agree  with  the  molecular- 
beam  measurements  of  Holland  and  Maier,®®’®^  an^  with  Pendleton  and  Weaver®® 
and  Shemansky  and  Broadfoot.®®  The  agreement  with  this  last  group  is  fortui¬ 
tous  since  their  analysis  depends  upon  lifetime  measurements  which  are  low  by 
about  a  factor  of  two.  Pendleton  and  Weaver®®  corrected  their  results  for 
quenching  and  for  first-positive  emission  contamination  as  in  the  case  of  the 
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TABLE  7.  Absolute  Meinel  band  electron-impact  excitation 
cross  sections  at  100  eV. 

(10-18  cm2) 


Group 

Band 

2,0 

Band 

3,1 

Band 

4,1 

Band 

3,0 

Simpson  and  McConkey8*8 

2.1  ±  0.6 

0.65  ±  0.19 

Stanton  and  St.  John88 

4.5  ±  0.2 

1.0  ±  0.1 

Srivastava  and  Mizra82’1^2 

6.0  ±  1.2 

0.7  ±  0.1 

Holland  and  Maier28>2<8 

11.4  +  4.0 

2.6  ±  0.9 

Shemansky  and  Broadfoot82 

>11.0 

>7.9 

>2.5 

Pendleton  and  Weaver88 

7.5  ±  1.5 

2.4  ±  0.5 

Skubenich  and 

Zapesochnyy22 

5.7  ±  0.9 

1.3  ±  0.3 

1.4  ±  0.3 

Present  Work 

10.1  ±  1.4 

2.2  ±  0.3 

present  measurements.  The  molecular-beam  measurements  of  Holland  and 
Maier28'2^  require  no  such  corrections.  The  other  groups  listed  in  Table  7  do 
not  appear  to  have  applied  such  corrections.  That  probably  accounts  for  their 
being  substantially  below  the  present  results. 

4 . 4  SUMMARY 

Relative  electron-impact  excitation  rates  for  vibrational  levels  2-7  of  the 
A(2nu)  state  of  N2+  have  been  measured.  The  present  results  agree  with 
auroral  observations,  other  laboratory  measurements,  and  relative  Franck- 
Condon  factors  for  production  by  ionization  of  the  N2  ground  state.  The 
absolute  cross  section  for  production  of  the  N2  +  (A2I1U)  state  by  100  eV  elec¬ 
tron  impact  on  N2  has  also  been  inferred.  The  new  value  is  among  the  larger 
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values  Itained  for  this  cross  section.  Ve  have  been  careful,  however,  to 
eliminate  quenching  effects.  These  measui ements ,  together  with  the  quenching 
rate  coefficient  measurements  reported  in  Piper  et  al.®^  should  permit  a  more 
detailed  understanding  of  the  role  the  N2  +  (A^I1U)  plays  in  the  dynamics  of  the 
aurora  and  the  disturbed  atmosphere. 
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5.  N2  ELECTRONIC  STATES:  CVF/ INTERFEROMETER  MEASUREMENTS  IN  THE  IR 


5.1  INTRODUCTION 

Detection  of  the  IR  fluorescence  of  nitrogen  was  performed  in  the  wavelength 
region  from  2.  1  to  6.9  pm  using  a  liquid  helium  cooled  circular-variable- 
filter  (CVF) . ^ ^  The  CVF  was  mounted  to  the  LABCEDE  tank,  with  a  series  of 
silicon  O-ring  flanges  and  compression  fittings  designed  to  provide  vacuum- 
type  seals  at  reduced  tempera  tui  e.s .  The  fluorescence  from  the  electron 
excited  nitrogen  was  viewed  through  a  KRS  5  window  at  the  upstream  end  of  the 
LABCEDE  tank  and  normal  to  the  electron  beam.  Signals  from  the  As: Si  detector 
in  the  CVF  were  first  processed  with  a  PAR  Model  113  preamplifier  then  digi¬ 
tized,  averaged,  and  stored  on  the  hard  disc  of  a  PDP  11  computer  system. 
Synchronous  detection  was  performed  by  pulsing  the  electron  beam  with  a 
General  Radio  Model  1217B  pulse/waveform  generator.  Both  time-dependent  and 
rime  averaged  spectra  could  he  collected  using  the  PDP  11.  Time-dependent 
spectra,  uncorrected  for  detector  response,  were  displayed  on  the  screens  of 
tlie  laboratory  Apollo  computer  following  a  data  file  transfer  to  that  device. 
Magnetic  tapes  of  i aw  data  were  generated  on  the  Apollo  computer  and  trans- 
feited  to  Physical  Sciences  Inc.  (PST)  for  data  reduction  and  analysis. 

Data  collection  in  the  time  averaged  mode  of  operation  was  performed  using  the 
PDP  11  as  a  lock  in  amplifier  and  manually  rotating  the  CVF  filter  wheel 
through  the  appropriate  wavelength  segments.  In  the  time-dependent  mode  of 
data  collection,  the  PDP  11  commanded  the  wavelength  scans  via  a  stepping 
motor  and  associated  controller  attached  to  the  filter  wheel.  The  minimum 
step  size  ranged  from  1/3  to  1/5  of  a  resolution  element  in  the  2.3  to  3.6  pm, 
and  4.0  to  6.R  pm  wavelength  regions  (hereafter  referred  to  as  the  SWIR,  MWIR 
regions,  respectively).  Resolutions  in  the  SWIR,  MWIR  wheel  segments  were 
determined  from  the  FWHM  of  0  atom  lines  to  lie  2.0  and  4.6  percent  of  the  wave¬ 
length,  respectively. 
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Because  of  the  sensitivity  of  the  CVF,  the  detector  is  saturated  by  the 
emission  from  warm  surfaces.  Thus  the  LABCEDE  shroud  was  cooled  from  300  K  to 
~  90  K  with  a  slow  flow  of  liquid  nitrogen  through  tubing  welded  to  the  shroud 
walls.  The  nitrogen  gas  was  cooled  in  t he  liquid  nitrogen  heat  exchanger  prior 
to  entering  the  shroud  volume.  The  CVF-detector  and  filter  wheel  must  be 
cooled  to  liquid  helium  temperature  to  permit  sensitive  detection  of  the  weak 
emission  from  the  irradiated  gases.  The  cooling  of  the  CVF  is  performed  in 
two  stages.  The  filter  wheel  and  detector  are  cooled  with  liquid  nitrogen 
overnight,  then  with  liquid  helium  on  the  morning  prior  to  afternoon  data 
collection. 

5 . 2  EXPERIMENTAL 

A  variety  of  experimental  conditions  have  been  surveyed.  The  lowest  piessuie 
providing  detectable  signal  was  0.15  mtoii .  Spectral  scans  with  pressutes 
up  to  37  mtorr  at  cryogenic  temperatures  have  been  collected.  This  uppei 
pressure  limit  was  determined  from  the  total  gas  throughput  necessary  to  over 
load  the  diffusion  pump,  and  cottesponds  to  a  flow  of  1.7  slm  of  No  with  the 
throttling  valve  closed.  Peak  electron  current  was  held  constant  in  each 
experiment,  but  has  been  varied  in  the  range  of  12.0  to  33.0  mA.  Pulse  repeti 
tion  rates  have  varied  across  the  range  from  11  to  38  Hz  with  duty  cycles  from 
15  to  50  percent.  The  electron  energy  was  maintained  at  4500  eV  throughout. 
Spectra  taken  with  the  magnetic  field  off  reflected  about  a  50-fold  decrease 
in  signal  level.  Most  experiments  were  performed  with  the  B-field  in  the  high 
current  range  with  a  dial  reading  between  20  to  40,  i.e.,  approximately  26  to 
45  gauss  at  the  center  of  the  tank  -  the  region  viewed  by  the  CVF.  The  ampli¬ 
fier  was  only  linear  to  a  gain  of  2000.  Commonly  gains  ranging  from  100  to 
2000  were  employed.  Frequency  bandwidths  for  data  collection  were  commonly 
1  to  100  Hz. 
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b.  3  ANALYSIS  AND  RESULTS 


Flit'  initial  analysis  on  the  Na  f  1  not  esceiu  e  was  peL formed  on  the  SVIR  and  MUIR 
wavelength  regions  independently.  The  SUIR  spectra  are  veiy  complex.  The 
omplexity  at  isos  t i om  the  fact  that  multiple  hands  may  be  contributing  to  a 
patticulat  spectial  featute  and  the  lesolution  of  the  CVF,  i.e.,  ~  2  percent 
i>t  th('  wavelength  in  the  SUIR,  cannot  distinguish  the  contributors  even  with 
tin  aid  ot  the  s  per  I i a  1  synthesis  rode.  Fni  example,  a  telatively  strong 
•pir  1 1  a  1  tea  tme  is  obsei  ••ed  b<>  t  'men  1 . 2  and  3.4  pm  at  all  nitrogen  pressures 
at  a  t  eso 1 n  t  i  on  of  1 1 .  t  >  7  pm .  Possible  <  on  t i  i hu  t  m  s  to  this  feature  include  the 
N  >  ( U  1  A,,  R  '  n,r )  -2  to  v"  ft  band  .it  3.  32  pm  and  v'  H  to  v"-5  hand  at  3.  33  pm, 

the  Npta^Ilp  a  '  ^  E,, )  v'  2  to  v”  1  hand  at  3.32  pm,  the  N2<R'^EU  B^n„)  v'-l  to 
v”  3  band  at  3.32  pm  and  the  Np([i'n^  A^E^*)  v'-lO  to  v"-rl()  band  at  3.33  pm. 

In  an  effot  t  to  deronvolnte  these  complex  spectra,  the  SUIR  and  MUIR  wave 
length  tegions  nmlei  identical  expet  i men t a  1  conditions)  were  combined  using 
tin  appropt iate  gain  and  i espouse  not ma  l  i ra t  ions .  Combining  the  spectra 
plains  fonstiains  on  the  possible  hand  system  contributors,  i.e.,  features 
aii  i  ng  t  i  om  <  o"  -  r>n  uppei  le'i'l-:  but  f  1  uoi  esc  i  ng  to  dilfetent  lower  levels 
i  t  be  ole  ot --rd  with  the  piopf  i  hi  unhing  tatio  ot  tatio  of  Einstein 
o.  t  t  i  i  i  en  i  •  . 


i  i,:m  i"  3",  31,  and  3,’  pi  es.-ut  evp«-i  imeptal  -  pectia  (shown  as  the  narrow  line) 
and  ynth'tji  speitia)  (heavy  line)  obtained  in  1,  b,  and  37  mtoii  of  just 

\ft.i  termination  ot  the  election  beam.  Ihe  synthetic  spectra  weir  obtained 
loi  the  N’(U  13),  N>(a  a')  hand  systems  and  Figuie  30  shows  the  relevant  band 
oi igin  positions.  These  spectia  and  synthetic  counterparts  are  representative 
of  the  level  of  agieemont  whieli  can  he  obtained  between  theory  and  experiment. 
Ilnfoi  innately,  t  he  over  lap  of  band  system  emissions  does  not  allow  the  spectral 
fi'ting  <  ode  to  in  a  he  a  tmir|ue  do  I  ei  m  i  na  t  i  on  of  the  emitting  species.  (This 
i  ode  is  dee  <  i  i  bed  in  Appendix  C.) 

s.iithetii  •  per  t  i  a  I  fils  vcn'  priloinierl  using  each  possible  con  l  r  i  but  ing  band 
■  til’'  alone,  fj|rn  in  all  possible  <  ofnh  i  na  f  i  ons  to  determine  which  combinations 
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Figure  32.  Spectrum  from  37  mtorr  N2  at  beam  termination. 

provided  reasonable  agreement  with  the  experimental  spectra.  The  band  systems 
used  in  the  analysis  included:  NyfW-B),  N2(a-a'),  Nyfw-a),  Ny(B~A),  Ny(B'-B), 
and  Nj^A-X).  The  analysis  was  performed  on  1 ,  5,  and  37  mtorr  nitrogen  data 
at  electron  beam  termination  and  for  several  5  ms  time  intervals  thereafter, 
until  the  signal  fell  into  the  noise  and  no  further  reasonable  comparisons 
rou Id  be  made. 

In  the  initial  analysis  the  vibrational  distributions  had  been  allowed  to  vary 
unconstrained  in  order  to  obtain  the  best  fit  of  the  experimental  spectrum. 

In  the  next  stage  of  analysis,  the  vibrational  distributions  of  the 
N2(a^llg),  N  2  ( B  ^  Jig ) ,  and  ^(v^,)  states  have  been  set  to  the  high  altitude 
atmospheric  model  predictions.^  In  addition,  the  ratio  of  population  in  the 
N2(B^lTg)  to  the  ^(a^ng)  states  was  set  to  agree  with  both  the  visible^ 
and  and  model  results. ^>32  comparison  Qf  these  predictions  to  1  mtorr  Ny 

data  at  electron  beam  termination  illuminated  several  inconsistencies.  First, 
the  relative  population  of  Nyfw^A^)  necessary  to  provide  the  best  fit  of  the 
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experimental  spectium  was  ~  130  times  latget  Ilian  the  model  would  predict. 
Second,  the  model  Na(W^Au)  vibrational  distiihution  did  not  produce  a  good  fit 
to  the  obvious  Na(W-B)  spectial  featuies.  Thitd,  the  model's  poor  under 
ptediction  of  the  experimental  spectium  would  requite  the  inclusion  of  an 
additional  band  system:  most  likely  the  Na(B'  B).  However,  to  make  any 
significant  contribution  to  the  olivet ved  experimental  spectium,  the  relative 
population  of  the  Np(B')  staff'  would  necewai  i  ly  need  to  he  about  10(1  times 
greater  than  predicted  by  t ho  model.  One  possible  conclusion  to  he  dtaun  f i om 
this  analysis  is  that  important  physical  pi ocesses  ate  occulting  which  have 
not  been  included  in  the  mode  Ling. 

The  analysis  has  also  been  applied  to  the  time-dependent  spectra.  Anomalous 
results  were  encountered.  The  prominent  feature  at  3.3  pm  can  he  fit  to  l he 
N2(W-B)  v'=2  to  v"-0  transition.  The  persistence  of  this  level  at  long  times 
for  the  5,  37  niton  data  is  not  consistent  with  the  1.72  ms  tadiative  lifetime 
of  the  N2(U^All)  v'~2  state  calculated  by  Uertier.^  In  addition,  the  1  niton 
Na  signal  decay  corresponds  to  about  a  \  ms  time  constant  which  is  shot  tct 
than  the  expected  detector  time  ((instant  of  3  to  6  ms . 0  ’  • C)/*  A  raieful 
re  evaluation  of  the  t ime -dependent  data  shows  a  signal  saturation  artifact 
when  the  CVF  filter  wheel  scan  makes  the  transition  f t om  the  mask  legion  to 
the  filtering  region.  The  saturation  effort  is  only  observed  in  the  SUIH  f i om 
-  3.1  to  3.6  pm.  This  artifact  can  be  eliminated  by  starting  the  wavelength 
scans  near  the  edge  of  the  mask,  but  securely  in  the  filter  segment  of  the 
wheel.  This  artifact  represents  less  than  a  5  percent  collection  to  the 
1  mtorr  N2  data  at  beam  termination  in  the  3.1  to  3.6  pm  region.  This  makes 
the  correction  insignificant  for  the  previous  conclusions  drawn  from  the  beam 
termination  spectra.  Figure  33  shows  the  1  niton,  Na  decay  cutves  for  three 
upper  states  corresponding  to  relatively  well  behaved  .spectial  features  out 
side  the  3.1  to  3.6  pm  region.  The  time  demy  of  these  states  define  the  time 
constant  of  the  CVF  detector  since  each  of  tlieii  respective  tadiative  lifetimes 
is  much  less  titan  1  ms.  A  3.8  ms  deter  tm  time  constant  is  consistent  with 
documentation  suggesting  it.  would  he  between  3  and  6  Unf  01  tuna  t  e  1  y , 

these  results  suggest  our  ability  to  measure  radiative  lifetimes,  and/01 
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Figure  33.  Time  evolution  of  properly  fit  N2  levels  at  1  mtorr  pressure. 

rollisional  quenching  is  limited  by  the  C'VF  detector  to  the  10  ms  time  regime 
(rates  of  less  than  100  s-^). 

5 . 4  C'VF  SUMMARY 

Infrared  emission  of  electron  impact  excited  nitrogen  lias  been  observed  with  a 
cryogenic  circular-variable-filter  in  the  wavelength  regions  from  2.3  to 
5.6  urn  and  4.0  to  6.9  um.  Comparisons  with  synthetically  generated  spectra 
identify  the  dominant  emissions  as  the  NyfW^/^-B^Ilg)  Wu-Benesch  system  and 
Nyfa^  fig  a' ^  Eu~)  McFarlane  Infrared  system.  Minor  contributions  may  arise  from 
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N2(w^  Ay-al  rig)  and  NylB^ng-A^I^)  First  Positive  transitions.  No  definitive 
evidence  is  observed  for  emissions  from  the  N2+ (A^ nvi-X^ Eg+ )  Meinel  system  or 
from  the  N2  ( B '  3  £u~ -B  3  rig )  Infrared  Afterglow  system. 

Analysis  of  1  mtorr  N2  spectra  at  electron  beam  termination  suggests  the 
relative  population  of  the  N2(W^AU)  state  is  approximately  two  times  larger 
than  predicted  by  modeling. ^  In  addition,  the  vibrational  distribution  in  the 
N  2  ( W  3  Au )  state  providing  the  optimum  fit  of  the  1  mtoir  Np  data  does  not  match 
1  he  predicted  vibrational  distribution.  Fixing  the  vibrational  distributions 
of  the  N2(W^AV1,  B3ng,  w^Au)  states  to  the  model  predictions  and  the  N2(a^Il) 
vibrational  distribution  to  match  visible  observations  produced  unexpected 
results.  The  combination  of  these  basis  sets  underpredicts  the  experimental 
spectrum.  The  relative  population  of  the  ^(w^Ay)  state  is  ~  150  times  larger 
than  predicted  and  the  relative  population  of  N2(B'-^EU~)  that  would  be  required 
to  make  a  significant  intensity  contribution  is  ~  100  times  greater  than  pro 
dieted  by  the  model. 

Time-dependent  spectra  have  shown  artifacts  in  the  SW1R  1.1  to  3.6  um  region, 
which  have  been  traced  to  a  transient  detector  response  when  rotating  the  CVF 
wheel  from  a  mask  region  to  filtering  segment.  Population  decays  outside  this 
wavelength  region  have  been  used  to  evaluate  the  detector  time  constant,  giving 
a  value  of  5.8  ms,  which  is  within  the  documentation  estimates  of  5  to 
6  ms. 93, 94  An  instrumental  decay  constc.it  of  5.8  ms  will  inhibit  the  meas 
urement  of  many  rapid  IR  radiative  lifetimes  and  quenching  rates. 

Much  of  the  uncertainty  in  the  analysis,  and  conclusions,  stems  from  the 
inability  to  resolve  overlapping  or  closely  spaced  spectral  features. 

Data  from  the  CVF  confirmed  the  speculation  that  N2 ( 1/3 Au -B 3 ng)  Wu  Benesch 
bands  would  dominate  the  SWIR.  However,  the  poor  resolution  of  this  device 
prohibited  the  identification  of  weaker  emitters.  Previous  interferometer 
data  obtained  on  warm  LABCEDE  was  reanalyzed  to  support  and  compliment  the  CVF 
observat ions . 
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5.5  INTFRFFROMF.TFR  DATA 

This  data  set  was  acquired  using  a  cooled  PbS  detector  viewing  the  election 
iiiadiated  volume  through  the  room  temperature  Michelson  interferometer.  Tlie 
FARCFDF  apparatus  was  operated  at  room  temperature  (298  K)  for  these  observa 
tions.  Data  was  acquired  on  every  interference  fringe  zero  crossing  of  the 
reference  laser  so  that  emission  into  the  visible  (612.8  nm)  could  be  observed. 
Ream  splittei  efficiency  decreases  in  the  visible  as  does  detector  responsivity 
so  that  the  first  positive  Av^2  sequence  was  the  shortest  wavelength  observed 
feature.  Responsivity  across  the  entire  spectrum  (.1000  to  15,800  rm"')  is 
voty  non  unifo'm.  This  data  was  not  accuiately  response  corrected  and  conse 
quentlv  can  only  be  used  to  qualitatively  assign  spectral  radiators.  More 
exact  determinations  must  await  a  dedicated  measurements  program. 

Emission  from  five  electronic  transitions  appears  to  be  present  in  the 
inflated  interferometer  data.  These  were  the  First  Positive  ( B  ^  Tf^  -  A  ^  +  ) , 

Wu  Renesch  (W^^-B^Ilg) ,  a^Ilg-a'^Eu,  and  w^Au  a^Ilg  systems  of  nitrogen  and  the 
Meinel  system  ( A? no-X? Eg4 )  of  N2+.  Relative  population  levels  were  determined 
rising  the  general  spectral  fitting  code  which  was  first  modified  to  fit  data 
lineat  in  wavenumber.  Several  details  considered  in  analyzing  the  data  will 
now  be  described. 

The  computer  data  files  were  modified  by  increasing  the  number  of  data  points 
by  a  factor  of  four  via  simple  linear  interpolation  (this  did  not  alter  the 
appearance  of  the  spectra).  This  was  done  since  the  resolution  in  this  data 
is  defined  as  the  point  spacing  (cm-' /poi n t ) .  With  only  one  point  per  resolu 
tion  interval,  it  was  found  that  the  appearance  of  the  rotational  contours  was 
not  well  reproduced  by  the  code.  The  finer  point  spacing  gave  better  agreement 
between  calculated  and  experimental  spectra.  Resolution  was  assumed  to  be 
15.4  cm_l,  the  point  spacing  of  the  original  data.  A  triangular  slit  function 
was  assumed.  A  rotational  temperature  of  400  K  was  used  in  creating  the  basis 
sets  for  all  systems  except  Vu-Benesch  where  a  temperature  of  300  K  was  used. 
These  were  estimated  by  fitting  isolated  bands  of  the  Meinel,  First  Positive, 


and  Uu  Benesch  systems  in  several  spectra.  Future  improvements  will  include 
larger  Fourier  transforms  for  improved  point  spacing  and  utilization  of  a  sine 
slit  function. 

Band  integrated  Einstein  coefficients  were  taken  from  several  sources  and  are 
crucial  in  determining  the  populations  given  in  figures  34  and  35.  Those 
assumed  fm  t  lie  Fiist  Positive  and  Wu-Reneseh  systems  were  calculated  by 
Werner  et  al .  ^  Although  there  exist  experimentally  determined  Einstein  coef¬ 
ficients  for  the  First  Positive  system, 6  they  are  derived  from  transitions  < 

whose  r  centroids  are  larger  than  those  for  the  transitions  in  the  region  1.5 
to  3.5  pm.  They  were  thus  created  by  extrapolation  of  the  r  centroid  versus  , 

Re  curve  and  are  of  uncertain  reliability.  Efforts  to  characterize  this  region 
of  the  r-centroid  curve  culminating  in  a  new  set  of  Einstein  coefficients  have 
since  been  performed  and  are  described  in  Section  7  of  this  report.  Implica¬ 
tions  are  discussed  in  a  subsequent  paragraph.  No  experimentally  determined 
Einstein  coefficients  exist  for  the  Vu-Benesch  system. 


Figure  34.  Near  IR  interferometer  data  of  e  1  ec  t  ron  -  i  r  rad  ia  ted  N2  (6  niton). 
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Figure  35.  SUIR  interferometer  data  of  elec t ron- i r rad i a  ted  N?  (6  mtorr). 


Experimentally  determined  Einstein  coefficients  for  the  Meinel  system  were 
taken  from  Ref.  6  in  the  absence  of  experimental  data  for  the  w-a  and  a-a' 
systems,  Einstein  coefficients  for  both  were  calculated  using  Franck-Condon 
factors  from  Ref.  6  and  the  transition  moment  functions  of  Yeager  and  McKoy.^ 


Pieviously  determined  relative  vibrational  state  distributions  were  used  where 
possible  to  simplify  the  analysis  by  reducing  the  degrees  of  freedom  in  the 
fit.  This  was  desirable  given  t lie  experimental  resolution  and  significant 
band  overlap.  A  single  distribution  was  assumed  for  the  Meinel  system.™  This 
distribution  corresponds  to  the  relative  rates  of  excitation  as  determined  in 
the  LABCEDE  facility.  Vibrational  state  distributions  for  the  a^Ilg  state  have 
been  determined  in  LABCEDE  for  all  pressures  investigated*^  in  this  work  as 
have  those  for  the  B-^llg  state  (see  Section  2).  The  latter  were  determined  by 
fitting  First  Positive  data  in  the  visible  region  of  the  spectrum  and  are  sum 
maiized  in  Table  8.  In  all  cases  combined  basis  sets  were  created  reflecting 


TABLE  8.  Normalized  populations  for  B-A  v'  0-7  used  in  interferometer 
data  analysis  (based  on  Section  2). 


Pressure  (mtorr) 

V' 

1.0 

3.0 

6.0 

10.0 

15.0* 

0 

0.18 

0.74 

0.27 

0.28 

0.29 

1 

0.19 

0.19 

0.19 

0.70 

0.20 

2 

0. 19 

0.19 

0.19 

0.19 

0.19 

3 

0.14 

0.13 

0.12 

0.12 

0.11 

4 

0.11 

0.11 

0.10 

0.09 

0.08 

5 

0.07 

0.07 

0.06 

0.06 

0.05 

6 

0.05 

0.05 

0.05 

0.04 

0.04 

7 

0.03 

0.03 

0.03 

0.03 

0.03 

*Extrapolated  from  the  trends  found  in  data 
taken  at  pressures  of  1.0,  2.0,  3,0,  4.0,  6.0, 
8,0,  and  10.0  mtorr 


these  ratios  and  a  single  electronic  state  population  was  determined.  Indi¬ 
vidual  populations  for  the  constituent  levels  were  then  calculated  as  the 
fraction  of  this  population  given  from  the  normalized  vibrational  distribution. 

5.6  N?  ELECTRONIC  STATE  POPULATIONS 

The  combined  CVF  and  interferometer  data  have  allowed  us  to  evaluate 
reasonable  levels  of  population  in  specific  states.  Figure  36  shows  the 
results  for  an  altitude  of  90  km  in  comparison  to  the  model  predictions  of 
Cartwright^  and  observations  made  from  visible  fluorescence  under  similar 
experimental  conditions.*^  The  scale  is  relative  and  the  population  of  the 
N2 ( C ^ Jlu )  state  has  been  used  for  normalization.  The  same  vibrational  level 
summations  have  been  used  throughout.  The  population  levels  of  the  N2(a^nu) 
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state  have  been  used  to  normalized  the  different  data  sets.  The  infrared 
measurement  of  the  state  population  is  significantly  higher  than 

predicted  by  Cartwright  or  observed  in  the  visible  measurement.  This  dis¬ 
agreement  may  arise  from  two  different  sources.  As  portrayed  in  Figure  36, 
the  higher  ^(B^rig)  state  population  level  depends  upon  R-centroid  values  of 
Vernei'32  extrapolated  to  smaller  Re  values  for  these  IR  transitions.  Using 
the  higher  resolution  data  obtained  with  the  interferometer,  we  have  been  able 
to  calculate  a  different  set  of  R-centroid  values  which  provide  a  better  fit 
to  the  observed  N2  (B^  rig-A^  nu )  First  Positive  spectral  features.  The  lower 
level  of  N 2 ( B ^ FTg )  population  indicated  in  Figure  36  is  that  obtained  using 
these  calculated  Re  values. 

The  population  levels  of  the  N2(W^A)  state  are  also  in  reasonable  agreement. 
Note  the  infrared  data  was  obtained  at  1  to  2  mtorr  hence  collisional  relaxa¬ 
tion  effects  in  these  long-lived  states  (must  be  considered  since  radiative 
lifetimes  range  from  100  to  600  ps,  whereas  mean  collision  times  are  order 
of  10  us).  Data  obtained  at  15  mtorr  show  very  similar  population  levels, 
suggesting  that  relaxation  to  lower  vibrational  levels  in  that  state  is  slow. 
Therefore,  the  comparison  is  at  the  extreme  only  slightly  worse  than  presented 
in  Figure  36.  The  discrepancies  observed  for  both  the  w*^  and  B'3£u  states 
are  surprising.  Transitions  arising  from  these  states  are  minor  (<  10  percent) 
contributors  to  the  overall  infrared  spectra  and  are  often  overlapped  with 
much  stronger  N2(W-B),  N2(a-a'),  ^(B-A)  spectral  features.  Even  though  our 
determination  of  their  population  levels  is  much  less  accurate,  the  discrepancy 
is  outside  our  estimated  uncertainty.  These  discrepancies  warrant  further 
investigation. 

The  compilation  of  the  vibrational  level  dependent  populations  are  presented 
in  Figures  37,  38  and  39.  Figures  37  and  38  represent  our  most  accurate 
determination  of  the  relative  distribution  of  excited  electronic-vibronic 
states.  In  general,  UV-visible  data  was  used  wherever  possible  as  this  data 
base  has  been  more  extensively  studied  and  the  spectral  constants  have  been 
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Figure  36.  N2  electronic  state  populations  from  LABCEDE  visible  and  IR 
fluorescence  at  less  than  1  mt  pressure  compared  with  high 
altitude  (greater  than  110  km)  auroral  predictions.  Population 

determined  from  visible  ( - )  and  infrared  (••■)  fluorescence 

data  are  compared  to  modeled  predictions  ( - )  for  high 

altitude  aurora. ^ 
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RELATIVE  POPULATION 


Figure  37. 


Vibrational  distributions  within  nitrogen  electronic  state 
populations  in  LABCEDE  at  1  mtorr. 
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Figure  38. 


Vibrational  distributions  within  nitrogen  electronic  state 
populations  in  LABCEDE  (15  mtorr). 
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more  accurately  determined.  The  states  whose  populations  are  determined  exclu¬ 
sively  from  the  infrared  measurements  are  the  NyfW^A),  ^(w^A).  In  all  cases, 
the  populations  have  been  normalized  to  the  v=0)  level.  At  1  mtorr 

pressure,  these  populations  closely  represent  the  relative  production  effi¬ 
ciencies  for  generation  by  4.5  KeV  electrons.  At  15  mtorr,  (Figure  38),  we 
observe  changes  in  population  levels  attributable  to  collisional  energy  trans¬ 
fer.  Figure  39  presents  the  predictions  of  Cartwright^  for  comparison  to  our 
1  mtorr  data.  One  difference  arises  from  our  ^(V-^A,  v  =  7,8,9)  levels  which 
show  a  drop  then  a  slight  rise  in  population  by  comparison.  This  same  decrease 
and  rise  in  population  appears  at  15  mtorr.  Figure  40  shows  the  relative  popu 
lation  at  1  mtorr  of  the  ^(W^),  ^(a^),  ^(w^)  vibrational  levels 

plotted  versus  the  total  potential  energy  (electronic  plus  vibrational)  for 
each  level.  A  chance  resonance  occurs  between  the  N  2  ( a  ^  II ,  v=l),  ^(U^A,  v-8), 
and  N2(B^n,  v=7)  states.  The  decrease  in  population  between  v=6  and  v=7  of 
the  N2(W^A)  state  is  not  matched  by  a  discontinuous  increase  in  either  the 
N2(a^tl,v=0)  or  ^(B^n,  v=6)  level  populations.  Figure  41  shows  an  energy 
level  diagram  of  additional  states  which  are  near  resonant  with  ^(W^A,  v-7). 

It  is  an  intriguing  possibility  that  population  transfer  into  one  of  these 
states  may  be  occurring. 

The  possible  quenching/relaxation  of  N2(VPA)  levels  can  be  explored  via  an 
analysis  of  higher  pressure  interferometer  data.  In  order  to  remove  the 
effects  of  electron  energy  deposition  we  again  ratio  the  populations  of  two 
states.  To  unravel  the  effects  of  quenching  the  preferred  reference  state 
would  be  short  lived  and  suffer  negligible  feed  and  sample  the  same  energy 
electrons.  Previously  we  have  utilized  the  N2+(B)  and  N2(C)  for  these 
reference  states.  Unfortunately,  these  states  are  not  detectable  in  the 
interferometer  spectrum  and  we  must  choose  the  N2(B)  state  which  is  short 
lived  and  has  a  similar  electron  excitation  cross  section  function.  As 
described  in  Section  2,  this  state  suffers  a  collisional  transfer  increase  in 
population  as  pressure  increases.  Figure  4Z  shows  the  N2(V)  state  population 
relative  to  N2(B)  for  pressures  1  to  15  mtorr.  A  decline  is  observed  which 
could  be  due  to  1)  vibrational  relaxation  of  N2 ( W )  into  levels  0-2  which  are 
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Figure  40.  Nitrogen  population  levels  plotted  versus  level  Te  for  N2B  (  ), 

u  (▼).  a  (A),  and  w  (#)  states. 

not  detectable  in  this  experiment;  7)  electronic  quenching  of  N2 ( W ) ;  or  3)  net 
feed  of  population  into  Ny(B). 

Figure  43  presents  the  vibrational  populations  of  the  N2(B)  for  several  pres¬ 
sures  as  referenced  to  the  unquenched  Ny(C,0)  population.  The  net  increase  is 
into  vibrational  levels  resonant  with  W  state  levels  0-2  not  included  in 
Figure  42.  The  observed  decrease  in  W  state  population  is  twice  as  large  as 
the  increase  in  B,  and  a  decrease  in  W  state  populations  occurs  even  after  the 
increase  in  B  is  included  in  the  analysis.  Thus  U  state  relaxation  or  quench¬ 
ing  is  occurring.  In  general  the  W  state  vibrational  distribution  is  not 
altered  subs  tan t i a  1 1 y  between  1  and  15  mtorr.  Further  data  is  needed  to  more 
accurately  determine  the  fate  of  the  W  state. 

An  intriguing  observation  relates  to  (W,v-7).  In  Section  3  we  observed  that 
Ny(a,v-0)  increased  relative  to  the  other  vibrational  levels  and  in  absolute 
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Figure  41.  Energy  level  diagram  of  N2  electronic-states  indicating  large 
number  of  possible  resonances. 

concentration  as  pressure  increases.  (Here  ^(C)  was  used  as  the  reference 
state.)  At  15  mtorr,  Figure  38  tells  us  that  a  significantly  larger  fraction 
of  the  total  ^(a^II)  population  resides  in  v=0.  This  may  arise  by  two  dif¬ 
ferent  mechanisms:  1)  vibrational  relaxation  from  higher  levels  of  a-state  and 
2)  a  feed  of  population  from  other  nested  states  as  is  observed  for  N2(B). 

The  near  resonance  of  the  N2(W,v=7),  N2(a,v=0)  states  and  the  precipitous  drop 
in  population  at  the  N2(W,v=7)  level  may  be  indicative  of  a  collisional  energy 
transfer . 
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Figure  42.  Total  quenching  of  U^A,  v=3-10  state  relative  to  B^ng  state. 


The  summary  of  our  efforts  to  measure  the  vibrational  level  dependent  pro¬ 
duction  into  excited  electronic  (and  ionic)  states  of  nitrogen  by  electron 
irradiation  is  portrayed  in  Figures  44a~c  and  Figures  45a-c.  These  are  rela¬ 
tive  spectral  intensity  predictions  based  upon  our  population  measurements. 

The  spectral  intensity  is  predicted  from  150  nm  to  9  pm  in  a  series  of  three 
figures,  i.e.,  a,b,c  with  a  resolution  of  50A  by  generating  basis  functions 
(triangular  slit)  with  experimentally  determined  vibrational  distributions  for 
all  the  observed  band  systems.  The  change  in  magnitudes  of  intensity  between 
figures  in  the  series  a,b,c  accurately  predicts  spectral  intensities. 

Figure  44  corresponds  to  an  altitude  of  90  km  and  Figure  45  to  80  km.  A 
comparison  of  the  same  wavelength  regions  between  Figures  44  and  45  accurately 
represents  redistribution  of  population  levels  hence  spectral  emission  inten¬ 
sity,  but  absolute  signal  level  differences  are  not  portrayed  here.  Relative 
minima  (~  1  percent  of  peak  intensity)  occur  in  the  UV  between  185  and  270  nm, 
in  the  visible  between  465  and  565  nm.  The  spectrum  in  the  near  IR  is  very 
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Figure  43.  Normalized  B-state  vibratonal  populations  as  a  function 
of  pressure. 

rich  with  no  observable  minima,  however,  at  880  nm  the  emission  intensity 
begins  to  fall  mono  ton i ca 1 ly  until  3.5  pm.  A  minimum  is  obsci ved  between 

3.5  and  3.6  pm,  another  between  4.3  and  4.4  pm.  The  wavelength  region  beyond 

4.5  pm  remains  much  less  than  1  percent  of  the  emission  levels  of  the  UV,  visi 
ble  and  near  IR.  At  6.0  pm  the  emission  intensities  approach  one  millionth 
(10~°)  of  the  UV-Vis-IR  peak  emission  levels.  Emission  is  considered  only 
from  levels  detected  in  this  project.  Emission  from  other  levels  (notably  W, 
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V--0-2  and  w,  v=-0,l)  will  contribute  particularly  in  the  MUIR  and  LWIR.  A  more 
careful  determination  of  the  Ny  electronic  state  radiance  levels  must  await 
the  cryogenic  interferometer. 

This  project  is  intended  to  provide  guidance  for  the  interpretation  of 
electron-irradiated  atmospheres  and  in  particular  for  the  EXCEDE  field  mission. 
These  election!*,  state  populations  as  a  function  of  altitude  provide  a  basis 
fot  comparison  so  that  an  understanding  of  mission  performance  can  be  arrived 
at  more  quickly  and  so  that  new  unexpected  radiators  can  be  more  clearly 
h i gh lighted. 
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6.  ROOM  AIR  FLUORESCENCE  INVESTIGATIONS 


6.1  INTRODUCTION 

The  fluorescence  from  electron  excited  room  temperature  N2/O2  mixtures  was 
viewed  through  the  BaF2  window  from  the  upstream  end  of  the  LABCEDE  tank  and 
normal  to  the  electron  beam.  A  0.3m  McPherson  Model  218  scanning  mono¬ 
chromator  equipped  with  a  1200  line/mm  grating  blazed  at  500  nm  dispersed  the 
radiation  from  200  to  800  nm  onto  a  HTV  R955  photomultiplier  (a  Corning  Glass 
Corporation  3-74  order  sorting  filter  was  used  in  scans  including  wavelengths 
greater  than  450  nm).  Synchronous  detection  of  the  fluorescence  from  the 
pulsed  electron  beam  was  performed.  The  modulated  component  of  the  signal 
from  the  photomultiplier  was  processed  with  an  Ithaco  Model  1211  current  pre¬ 
amplifier  and  a  P.A.R  Model  124  lock-in  amplifier.  The  amplified  fluorescence 
signal  was  displayed  and  recorded  on  a  chart  recorder  and  digitized  on  a  Compaq 
personal  computer.  The  digitized  spectra  were  transported  to  PSI  via  floppy 
disks  for  further  quantitative  analysis. 

Experimental  conditions  were  chosen  to  be  similar  to  previous  experiments 
performed  on  pure  nitrogen.  The  electron  beam  characteristics  were:  4500  eV 
energy,  5  to  15  mamp  current,  and  a  200  Hz  square  wave  beam  pulse  rate.  Gas 
was  introduced  through  one  of  three  MKS  Model  mass  flow  meters  and  was  intro¬ 
duced  into  the  chamber  via  a  porous  plug  array  of  inlets.  Ultra  high  purity 
gases  were  used:  (99.999  percent  minimum)  nitrogen  (N2)  and  (99.99  percent 
minimum)  nitric  oxide  (NO).  Laboratory  air  was  introduced  via  an  unconnected 
(open  to  the  room  air)  flexible  hose  leading  to  the  mass  flow  meter.  Gas 
flows  range  from  40  to  387  seem  of  nitrogen  equivalents,  i.e.,  mass  flow  was 
uncorrected  for  gas  identity.  In  conjunction  with  the  variable  position 
throttling  valve,  these  gas  flows  provided  selectable  experimental  pressures 
between  1.0  and  20.0  mtorr.  The  majority  of  experiments  were  performed  with  a 
monochromator  slit  width  of  600  pm,  providing  a  resolution  of  15. 6A.  The  HTV 
R955  PMT  was  operated  at  bias  voltages  between  720  and  950V.  Preamplifier 
gains  ranged  from  10^  to  10^  V/amp  with  a  raise  time  of  0.1  ms.  The  lock-in 
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amplifier  was  operated  at  a  gain  between  20  and  1000,  with  a  time  constant  of 
1  to  3s.  Computer  data  sampling  occurred  at  1  to  3  Hz. 

6 • 2  SURVEY  SPECTRA  OF  LABORATORY  AIR 

6.2.1  The  200  Jo  300  nm  Region 

Survey  spectra  of  laboratory  air  in  the  200  to  300  nm  were  collected  at  low 
(1.2  mtorr)  pressure  with  and  without  Beam  Plasma  Discharge  occurring,  and  at 
high  (20  mtorr)  pressure  without  BPD.  The  electron  energy  was  4500  eV  with  a 
current  of  12.5  mamp.  When  BPD  was  ignited,  the  signal  to  noise  was  signifi¬ 
cantly  better.  However,  the  same  features  were  observed  and  the  spectra  could 
be  overlayed  precisely.  The  20.0  mtorr  air  spectrum  in  this  region  showed  a 
slight  increase  in  the  relative  intensity  of  the  234  nm  feature  but  was  other¬ 
wise  unchanged.  Several  band  systems,  ^(a3  Ilg-X3Ig+)  LBH,  N2(D3Eu+-B3IIg) 
Fourth  Positive,  NO(A3£+X3n)  y-bands,  NOfB^Il-X^n)  p-bands,  N0(C3Il-X3n)  6-bands 
02+(A2nu-X?ng)  Second  Negative  were  observed.  Combinations  of  these  were 
utilized  in  an  attempt  to  fit  the  observed  spectra. 

All  attempts  to  synthetically  generate  the  experimental  spectra  failed.  A 
search  and  review  of  previous  work  performed  on  this  detection  system  showed  a 
Wood's  anomaly  in  the  200  to  300  nm  region,  making  quantitative  spectral  analy 
sis  of  this  experimental  data  impossible. 

6.2.2  The  300  to  400  nm  Region 

Spectra  in  the  300  to  400  nm  region  were  collected  at  a  pressure  of  1.2  mtorr 
with  and  without  BPD  and  at  20.0  mtorr  without  BPD.  Figure  46  is  represen¬ 
tative  of  the  experimental  spectra  and  the  synthetic  spectra  which  were 
obtained.  The  exact  same  features  are  observed  at  all  the  experimental 
conditions  that  were  sampled.  The  main  features  are  assigned  to  the  elec¬ 
tronic  bands  N2(C3nu-B3rig)  and  N2  +  (B^Eu+-X^Eg+) .  For  the  synthetic  spectra, 
the  N2(C3nu-B3ng)  v'=0-4  levels  were  utilized,  although  v'=3,4  were  found  to 
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Figure  46.  1.2  mton  room  air  spectrum  taken  with  a  15. 6A  resolution  is 

representative  oi  all  data  and  fits  in  this  spectral  region. 

he  only  marginally  present  due  to  the  weak  signal  of  transitions  originating 
from  these  levels.  In  the  case  of  N2  +  ( Eu  +  -X?-  £g+ ) ,  v'=0-4  were  utilized  in 
the  synthetic  spectral  generation,  but  v'=2,3,4  proved  to  be  relatively  weak 
and  inaccurately  determined.  Figure  47  shows  the  relative  populations  of  the 
upper  state  vibrational  levels,  as  calculated  from  the  spectral  generation  code 
(see  Appendix  C).  The  data  points  are  for  1.2  mtorr  of  laboratory  air,  and 
the  dashed  lines  represent  the  predicted  distributions  based  on  the  Franck- 
Condon  (F-C)  factors  for  excitation  from  ground  state  molecular  nitrogen, 

Ny (X^ Eg+ ) . ®  in  each  case  the  F-C  distributions  has  been  normalized  to  the 
v'=0  BPD  data  points.  The  ^(C^I^-B^FIg)  v'=0,l  distribution  matches  the 
Franck-Condon  distribution.  The  population  ratio  v'=l  to  v'=2  for  N2(C^nu) 
state  with  and  without  BPD  is  ~  2.3,  whereas  F-C  factors  would  predict  a  ratio 
of  2.9.  The  population  ratio  v'=2  to  v'-3  for  N2 ( C nu )  with  and  without  BPD 
is  -  3.0,  where  F-C  factors  would  predict  3.6.  These  discrepancies  are  felt 
to  be  within  the  experimental  uncertainty.  For  N2+ (B^ ro+-X^ Eg  + )  v'=0,l  there 
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Figure  47.  This  figure  presents  the  relative  populations  of  upper  state 
vibrational  levels  of  the  observed  transitions  with  and 
without  BPD  operative,  at  a  pressure  of  1.2  mtorr.  The  dis¬ 
tribution  predicted  by  the  relevant  Franck-Condon  factors 
is  plotted  for  comparison. 


123 


is  a  hint  that  the  vibrational  population  distribution  is  shifted  to  higher 
v'.  This  might  be  indicative  of  the  taiget  gas  being  vibrational ly  excited. 
Franck-Condon  factors^  would  predict  a  v'-O  to  v'=l  population  ratio  in 
Np+(B^ZU+)  of  8.0,  however,  the  data  without  BPD  gives  a  ratio  of  -  4.5  which 
drops  to  ~  3.2  when  BPD  is  ignited.  This  discrepancy  would  imply  that  a 
combination  of  processes  feed  population  to  the  N2+(B2EU4)  state  or  more 
likely  that  an  underlying  radiator  lias  distorted  the  populations  predicted  by 
the  spectral  generation  code.  For  Ny/fB'Z,,*),  it  is  interesting  to  compare 
the  ratio  of  v'=0  to  v'=l  populations  at  those  two  pressure  extremes.  At 
1.2  mtorr  n [ No4 ( B , v ' =0) ] /n [ N24 ( B , v ' =1 ) )  has  been  evaluated  previously  and  is 
~  4.5.  At  20  mtorr  this  ratio  is  ~  4.4.  Thus  the  expected  invariance  with 
pressure  is  achieved. 

A  comparison  of  low  (1.2  mtorr)  and  high  (20.0  mtorr)  pressure  population 
distributions  without  BPD  is  available  from  Figure  48.  The  F-C  distribut ions 
(dashed  lines)  have  been  normalized  to  tiie  low  pressure  v'=0  data  points.  For 
N2(C-B)  the  v'=0,l,2,3  low  pressure  populations  reproduce  the  F-C  distribution 
nicely.  The  same  is  true  for  the  NyfC^n,,)  v'=0,l,2  high  pressure  populations. 
The  N2(C3nu)  v'=3  population  at  2.0  mtorr  appears  uncharacteristically  high. 

Figure  49  presents  the  ratio  of  total  population  in  the  N2(C3nu)  state  to  the 
total  population  in  the  N2+(B2EU4)  state  as  calculated  by  the  spectral  genera¬ 
tion  code.  At  1.2  mtorr  without  BPD  operative,  this  ratio  is  0.64  and  jumps 
to  a  value  of  0.82  when  BPD  is  ignited.  At  20  mtorr  (non-BPD),  this  ratio  has 
returned  to  a  value  of  0.69.  The  gain  in  intensity  of  the  N2 (C3 nu-B3 Ilg)  and 
N2  +  (B2V  X2Eg)  bands  was  ~  103  and  -  80  respectively  upon  ignition  of  BPD  at 
1.2  mtorr  pressure.  The  points  to  reiterate  before  proceeding  to  the  next 
spectral  region  are  that  the  relative  populations  of  the  N2C  and  N2+B  states 
are  largely  unaffected  by  the  occurrence  of  BPD  or  pressure  variations,  and 
the  magnitude  of  emission  for  both  C  and  ionic  B  states  increased  approxi 
mately  100  fold  upon  BPD  ignition. 
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Figure  48.  The  low  (1.2  mtorr)  and  high  (20.0  mtorr)  pressure  (non-BPD) 
relative  populations  are  presented  and  compared  to  the  F-C 
distribution. 


6.2.3  The  440  to  800  nm  Region 


In  the  440  to  800  nm  region  data  was  collected  at  three  sets  of  conditions: 
low  pressure  (1.2  mtorr)  with  and  without  BPD  and  at  high  pressure  (20.0  mtorr) 
without  BPD  operative.  The  electron  current  in  these  experiments  ranged  from 
12.0  to  12.9  mamp  and  the  electron  energy  was  held  constant  at  4500  eV.  Low 
pressure  gas  flow  was  176  seem  and  high  pressure  gas  flow  was  387  seem.  The 
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Figure  49.  This  figure  presents  the  ratio  of  total  populations  of  the 
N2 Cc3 nu )  state  to  that  in  the  N2(B2EU+)  state. 

resolution  of  these  experiments  was  15. 6A.  Figure  50a-c  shows  data  sets,  band 
system  assignments,  and  the  computer  generated  synthetic  spectra.  Every 
feature  with  a  peak  intensity  above  5  percent  is  assignable  to  at  least  one  of 
the  following  band  systems:  N2  +  (A-X),  N2  +  (B-X),  N2(B-A),  ^(C-B),  C>2  +  (b-a), 
and/or  the  Oil,  Nil,  Nil  atomic/ionic  multiplets.  The  overlap  of  02+(b-a) 

Av=0  and  N2(B-A)  Av  =  4  bands  in  the  region  between  570  and  620  nm  makes 
discrete  transition  assignment  very  difficult.  The  assignments  of  the 
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and  J ones. ^  To  compensate  for  the  lack  of  width  of  these  singlet  transi¬ 
tions,  the  temperature  was  artifically  increased  to  900  K.  The  band  shapes 
are  still  not  properly  reproduced  with  this  procedure.  The  intent  of  this 
process  was  to  introduce  spectral  transitions  representative  of  the  observed 
02+(b-a)  features  to  improve  the  fit  and  allow  more  accurate  determination  of 
populations  of  states  which  have  overlapping  features  with  02+(b-a)  features. 

In  this  way  the  trends,  as  experimental  conditions  are  varied,  will  be  more 
accurately  represented. 

6 . 3  VARIATIONS  WITH  ELECTRON  ENERGY  JHSTR I  BUT I ON  CHANGES 

The  populations  determined  by  analysis  of  the  spectra  of  Figure  50  are 
presented  in  Figure  51  which  shows  the  relative  populations  of  each  observed 
band  system  before  and  after  BPD  was  ignited  in  1.2  mtorr  of  air.  The  inten¬ 
sity  changes  upon  ignition  of  BPD  is  presented  in  Table  9.  No  band  system 
showed  a  decrease  in  intensity  and  as  suggested  from  Figure  51,  the 
N2(C3nu-B3ng)  system  underwent  a  larger  increase  in  intensity  than  the  other 
molecular  band  systems.  In  the  300  to  400  nm  spectral  region  the  increase 
upon  ignition  of  BPD  for  N2(C3nu-B3fIg)  was  determined  for  the  strongest  transi¬ 
tions,  and  thus  represents  a  more  accurate  determination.  The  nitrogen  ion 
features  increased  approximately  20  percent  less  than  the  molecular  systems. 

The  oxygen  atom  feature  increased  2.3  times  more  than  the  molecular  features. 
The  relative  vibrational  level  populations  at  1.2  mtorr  with  and  without  BPD 
are  shown  in  Figures  52  and  53.  In  Figure  53  the  dashed  line  represents  the 
net  effect  of  F-C  excitation  and  N2 ( C-3 ITU )  and  N2(V3Au)  state  radiative  relaxa¬ 
tion  into  the  N 2 ( B ^ Ilg )  levels.  For  ^(C3!^)  v'=l,2  the  distribution  is 
approximately  F-C  in  form,  both  with  and  without  BPD.  The  ^(C3!^,)  v'=3  level 
deviates  from  the  F-C  distribution.  This  arises  due  to  the  weak  signal  from 
that  level.  Recall,  in  the  300  to  400  nm  region  the  N2(C3nu)  v'=l  to  v'=2 
population  ratio  was  ~  2.3;  here,  the  v'=l  to  v'=2  population  ratio  is  ~  2.5. 
F-C  factors  predict  this  ratio  to  be  2.89.  A  review  of  pure  nitrogen  data 
gives  a  N 2 ( C flu )  v'-l  to  v'=2  population  ratio  of  ~  2.7.  This  information  is 
compiled  in  Table  10.  For  N2+(B3IU+)  the  v'=2  population  is  less  reliable  due 
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Figure  51.  Relative  populations  of  hand  systems  observed  in  the  440  to 
BOO  nm  spectral  region  wihtout  BPD,  at  a  pressure  of 
1.7  mtorr  of  laboratory  air. 


to  weak  signal  levels.  Stat  if; ties  for  the  v't- O/v'-l  population  ratio  in 
My  * ( £,,  *  )  ate  compiled  in  Table  11.  Also  shown  are  the  ratios  measured  in 
the  100  to  400  nm  spectral  region.  The  data  consistently  predicts  a  popula¬ 
tion  shift  to  high  v'  levels  of  Ny/fB^J^*)  when  BPD  is  ignited.  The  pure  Ny 
data  agrees  faitly  well  with  the  no  BPD  ait  data  in  the  440  to  800  nm  region 
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TABLE  9.  Emission  intensity  enhancements  upon  beam  plasma  discharge 
occurrence  (1.2  mtorr). 


System 

Intensity  Change 
Ignition  of  BPD 

Nil  (5004A) 

58 

Nil  ( 5680A) 

61 

02+(b-a) 

66 

N2(B-A) 

74 

N2+(B-X) 

75  80* 

N2+(A-X) 

86 

N2(C-B) 

125  103* 

01  ( 7  7  7  3 A ) 

177 

*increase  in  300-400  nm  region 

Both  data  sets  show  the  v'=0/v'=l  N2+(B^EU+)  population  ratio  to  be  around 
6.1,  significantly  lower  than  predicted  by  F-C  factors.  The  poor  agreement 
with  no-BPD  air  data  in  the  300  to  400  nm  spectral  region  is  not  explicable. 
Transitions  originating  from  v'=2,3,4  for  the  N2+(A-X)  band  system  were 
observed.  The  ratio  of  vibrational  level  populations  is  computed  in  Table  12. 
The  N2+(A2n)  v'=4/v'=2  population  ratios  are  all  in  excellent  agreement.  The 
discrepancy  in  the  v'=3/v'=2  population  ratio  most  likely  arises  due  to  the 
additional  overlap  of  the  02+(b-a)  0-2  transition  at  6822A  to  the  already 
crowded  N2+(A-X)  3-0  and  N2(B-A)  3-0  transitions  between  6800  and  6900A. 

The  N2(B-A)  First  Positive  are  by  far  the  dominant  spectra  features  throughout 
this  region.  Figure  53  shows  the  B-state  vibrational  distributions  for  the 
air  data  with  and  without  BPD  at  1.2  mtorr,  and  pure  N2  data  without  BPD  at 
1.0  mtorr.  The  dashed  line  represents  the  F-C  excitation  factors  coupled  with 
Ladiative  relaxation  processes  from  the  N2<C,V)  states  which  feed  population 


130 


RELATIVE  POPULATION 


Figure  52.  Relative  vibrational  populations  of  the  observed  band 
systems  ^(C-B),  N2  +  (B-X),  N2MA-X)  at  a  pressure  of 
1.2  mtorr  with  and  without  BPD  operative. 


Ill 
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Figure  53.  Relative  vibrational  population  of  the  N^fB-A)  band  system 
for  1.2  mton  air  and  ]  .0  mtort  The  dashed  line 

includes  FCF's  and  radiative  relaxation  processes  from 
N2(C,W)  states  into  the  N^fB)  levels. 


1  1? 


TABLE  10.  Populations  of  N2(C(3riu),  v'=0,l)  states  for  a  variety  of  low 
pressure  experiments. 


Population  Ratio 
N2(c3nu> 
v '  = 1 / v ' =2 

Cond i t ions 

Gas/Pressure 

(mtorr) 

Spectral 

Region 

(nm) 

2.5 

BPD 

Air  (1.2) 

440-800 

2.5 

no-BPD 

Air  (1.2) 

440-800 

2.3 

BPD 

Air  (1.2) 

300-400 

2.3 

no-BPD 

Air  (1.2) 

300-400 

2.7 

- 

N2  (1.0) 

- 

2.89 

FCF6 

- 

- 

Table  11.  Populations  of  N24(B2Euf,  v'=l,2)  states  for  a  variety 
of  low  pressure  experiments. 


Population  Ratio 

n2+(b2  v> 

v'=l/v'=2 

Cond i t ions 

Gas/Pressure 

(mtorr) 

Spec  t  ra 1 
Region 
(nm) 

6.1 

no-BPD 

Air  (1.2) 

440-800 

4.7 

BPD 

Air  (1.2) 

440-800 

4.5 

no-BPD 

Air  (1.2) 

300-400 

3.2 

BPD 

Air  (1.2) 

300-400 

6.2 

- 

N2  (1.0) 

300-450 

8.0 

FCF6 

- 

- 

into  the  N2(B)  state.  The  N2  (1.0  mtorr)  and  air  (1.2  mtorr)  distributions 
without  BPD  are  in  excellent  agreement.  Once  again  the  ignition  of  BPD  has 
slightly  shifted  the  population  to  larger  v' . 
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TABLE  12.  Populations  ol  Ny  +  (A^F1U,  v' -2,3,4)  states  for  a  variety  of 
low  pressure  experiments. 


Gas/Pressu re 
Conditions  (mtorr) 

no  -  FIF’D  Air  (1.2) 

BED  Air  (1.2) 

Ny  (1.0) 

Ft  ‘  F*’ 

(>.4  PRESSURE  DEPENDENCIES 

The  next  set  of  comparisons  to  be  made  will  focus  on  the  effect  of  increasing 
the  pressure  f  t  om  1.2  to  20.0  mtotr,  as  shown  in  Figuie  54.  The  data  is 
normalized  with  respect  to  the  Ny(B  A)  relative  population.  It  is  clear  that 
both  Ny+(B-X)  and  Ny(C  B)  undergo  approximately  the  same  change  as  does 
Ny(B-A)  upon  this  pressure  increase,  but  Ny^fA-X)  and  to  a  lessei  extent 
t»2‘(b  -a)  undergo  a  decrease  upon  this  pressure  increase.  Table  13  shows  the 
magnitude  of  the  signal  intensity  change  upon  increasing  the  pressure.  Every 
system  gained  signal  by  increasing  the  pressure.  The  <)yf(b  a)  and  Ny+(A  X) 
systems  gained  less  than  did  the  other  systems.  The  third  column  of  Table  1  \ 
show  the  effective  power  dependence  of  .signal  intensity  on  pressure  based  on 
these  two  pressures  for  each  observed  band  system.  A  powei  dependence  of  p^ •  ’ 
is  observed  in  pure  Ny^  based  on  a  prompt  emitting  state  which  undergoes  no 
feed  or  quenching.  The  NyC  fits  the  specification.  Oy  +  b  and  Ny^A  are  quenched 
at  20  mt  pressure. 

Figures  55  and  5f>  show  the  relative  vibrational  distributions  at  these  two 
For  Ny(C  B)  the  distributions,  both  1.2  and  20.0  mtm  i  ,  ate 


Spec  t  ra 1 
Reg i on 
(nm) 

440  800 
440  800 
500  R50 


pi essures . 


O  20  mtorr 
A  1.2  mtorr 
•l.2  mtorr  BPD 


1  10~4 
Ql. 


N2(B-A)  N2+(A-X)  N2+( B-X)  N2( C-B)  02+(b-a) 


A-4110 


Figure  54.  Band  system  distribution  at  1.2  mtorr  and  20.0  mtorr  pressure? 
of  air,  normalised  to  the  N?(B-A)  relative  population. 


TABLE  13.  Pressure  scaling  of  emission  features. 


System 

Signal  Gain 

Upon  the  Pressure 

Rise  from  1.2  mtorr 
to  20.0  mtorr 

X 

Assuming 

I  cc  pX 

N2(C  B) 

37.0 

1.3 

N2(B-A) 

31.0 

1.2 

01  ( 7  7  7  3 A ) 

30.0 

1.2 

N2+(B-X) 

29.0 

1.2 

Nil  (5004A) 

24.0 

1.1 

Nil  ( 5680A) 

21.0 

1.1 

02+(b-a) 

18.0 

1.0 

N?+(A-X) 

4.4 

0.53 

within  experimental  uncertainty  equal  to  the  distribution  predicted  by  Franck- 
Condon  factors.  Recall,  the  NjfC-B)  v'=3  population  is  more  uncertain  due  to 
weak  signal  levels.  The  population  distribution  for  N2(C^nu)  in  pure  N2  has 
been  determined  to  be  Franck-Condon  in  form.  For  N2+(B-X)  the  v'=2  population 
is  more  uncertain  due  to  weak  signal  levels.  The  N2+(b2£u+)  v'=0  to  v'=l  popu¬ 
lation  ratio  at  various  conditions  is  compiled  in  Table  14.  The  1.2  mtorr, 

20  mtorr  air  (440  to  800  nm  spectral  region)  and  1  mtorr  N2  values  are  in 
excellent  agreement  (±  10  percent),  but  differ  from  the  predicted  Franck-Condon 
ratio  by  about  36  percent.  The  N2+(B^EU+)  v'=0  to  v'=l  population  ratios 
measured  in  the  300  to  400  nm  region  at  1.2  and  20  mtorr  of  air  agree  well  with 
each  other  but  are  -  25  percent  low  of  the  values  measured  in  the  440  to  800  nm 
region.  In  the  case  of  N2+(A-X)  the  distributions  at  low  and  high  pressures  of 
air  are  dramatically  different.  It  is  clear  that  N2+(A^I1)  v'=2,4  are  reduced 
significantly  more  than  is  v'=3.  The  N2+ ( A^ n)  v'=2-4  quenching  rate  coeffi¬ 
cients  in  pure  Ny  are  7. 0+0. 4,  7. 5  +  1.0,  and  7. 0+1.0  x  10-^  cm^  molecule-^  s~  , 
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Upper  vibrational  level  distributions  in  ail  at  1.2  and  20.0  mton 
pressures  for  the  Ny(C-B),  No'(B-X),  Ny+(A-X)  band  systems.  The 
dashed  lines  are  preflic  tons  of  F-C  factors. 
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Figme  56.  Relative  populations  in  the  Nj>(B)  state  at  1.2  and 
20.0  mtori  of  air,  1.0  mtorr  and  a  prediction 
fiom  radiative  tiansfei  and  F-C  factors. 


TABLE  14.  Pressure  scaling  of  N2+B  distributions. 


N2+(B2Eu+)  State 
Population  Ratio 
v '  =0  to  v ' =1 

Gas  (Pressure) 

Spectral 

Region 

(nm) 

6.1 

Air  (1.2  mtorr) 

440-800 

5.6 

Air  (20.0  mtorr) 

440-800 

4.5 

Air  (1.2  mtorr) 

300-400 

4.4 

Air  (20.0  mtorr) 

300-400 

6.2 

N2  (1  mtorr) 

- 

8.0 

FCF6 

respectively^  suggesting  in  this  data  the  anomalously  large  relative  popula¬ 
tion  in  N2  +  ( n)  v'=3  is  an  artifact  of  multiple  radiators  and  overlapping 
spectral  features.  Certainly  the  overlap  of  the  (3-1)  Meinel  band  with  the 
(3-0)  First  Positive  feature  complicated  previous  analysis  of  this  system. 
Additional  underlying  features  due  to  oxygen  further  cloud  an  accurate  deter¬ 
mination  here.  Figure  56  shows  the  relative  population  distribution  of  N2(B,v') 
levels  at  1.2  and  20.0  mtorr  of  air,  1.0  mtorr  N2  and  the  radiative  transfer/ 
Franck-Condon  factor  prediction.  The  1.2  mtorr  air  and  1.0  mtorr  N2  distribu¬ 
tions  are  in  relatively  good  agreement.  The  20  mtorr  air  distribution  shows 
some  small  deviations  from  the  low  pressure  data.  These  deviations  can  be 
attribu^d  to  both  quenching  and  population  distortion  by  underlying  radiators. 

6.5  CONCLUSIONS 


These  experiments  were  aimed  at  determining  the  effect  of  O2  on  altering 
electronic  state  production  and  distributions  in  electron-irradiated  mixtures. 
Clear  evidence  of  02+  First  Negative  and  atomic  lines  were  obtained.  A  com¬ 
parison  of  N2  and  N2+  emissions  from  air  and  from  pure  N2  show  no  dramatic 
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differences  or  energy  repartitioning.  The  presence  of  oxygen  merely  adds 
spectral  features  across  the  visible  region. 
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7.  EXPERIMENTAL  DETERMINATION  OF  THE  EINSTEIN  COEFFICIENTS 
FOR  THE  N2(B-A)  TRANSITION 


7.1  INTRODUCTION 


Several  years  ago  we  observed  that  the  rate  coefficient  for  exciting  NO(A^T+) 
in  the  electronic  energy  transfer  reaction  between  N2(a3£u+)  and  NO  was 
apparently  about  40  percent  larger  than  the  total  quenching  rate  coeffi¬ 
cient.^^  A  detailed  error  analysis  indicated  that  the  most  likely  reason  for 
this  discrepancy  was  that  the  accepted  value  for  the  lifetime  of  N2(a3£u+)  was 
too  short. 101  Further  investigation  revealed  that  the  accepted  experimental 
value  of  N2(A)  lifetime  was  based  upon  Shemansky  and  Carleton' s^02  analysis  of 
Carleton  and  Oldenberg' s^^  experimental  determination  of  the  absolute  photon 
emission  rate  of  the  0,6  Vegard-Kaplan  band  coupled  with  a  determination  of 
the  absolute  number  density  of  N2(A,v'=0)  by  an  absorption  measurement  on  the 
1,0  band  of  the  f i rs t-posi t i ve  system  of  nitrogen.  Knowing  the  population  in 
the  emitting  state  and  the  absolute  photon-emission  rate  allows  one  to  calcu¬ 
late  the  Einstein  coefficient  for  the  transition.  This  analysis  hinges,  then, 
upon  knowing  the  transition  probability  of  the  1,0  first-positive  band  accu¬ 
rately.  Recent  theoretical  calculations  indicate  that  the  value  used  for  the 
1,0  B--A  transition  probability  is  quite  likely  to  be  25-40  percent  too 
large . ^2 » 65 , 104  ye  thus  felt  it  imperative  to  reinvestigate  the  transition 
probabilities  of  the  N2(B  -  A)  system  experimentally. 

The  currently  accepted  experimental  values  for  the  N2(B-A)  Einstein  coeffi¬ 
cients  rests  upon  the  relative  variation  in  the  transition  moment  as  a 
function  of  r-centroid  as  measured  by  Shemansky  and  Broadfoot^  tied  to  the 
lifetime  of  the  v'=3  level  of  N2(B)  which  they  also  determined  by  measuring 
real-time  decays  following  excitation  of  N2  by  a  pulsed  electron  beam.  The 
results  from  this  procedure  are  consistent  with  the  recent  theoretical  calcula¬ 
tions  for  vibrational  levels  above  v'=3.  The  Einstein  coefficients  from  the 
three  lowest  vibrational  levels  of  N2(B),  however,  result  from  extrapolations 
of  the  transition-moment  curve  well  outside  the  region  of  the  measurements  used 
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to  establish  it.  We  thus  undertook  to  re  determine  the  relative  transition 
moment  variation  as  a  function  of  r  centroid,  using  a  procedure  similai  to 
that  used  by  Shemansky  and  Broadfoot,  but  with  measurements  extending  much 
farther  to  the  long-wavelength  side  of  the  curve. 

The  r-centroid  approximation  was  first  put  forth  by  Fraser*^  and  has  been 
used  extensively  over  the  last  three  decades  to  describe  the  Einstein 
coefficients  of  a  large  number  of  molecular  systems.  The  intensity  of  a 
molecular  emission  is  given  by 


^  V  '  V  "  ^  v  '  ^  V  '  V  " 


(17) 


where  Nv<  is  the  number  density  in  the  upper-state  vibrational  level  and  Av»v» 
is  the  Einstein  coefficient  which  is 


v'  v" 


64 n4  m  ( 

- - I  <v'  I  Rp(  r )  |  v">  | 


(IB) 


Here  \>v/v»  is  the  transition  frequency  in  cni^  ,  the  integral  is  of  the  wave 
functions  over  the  electric  dipole-moment  operator,  and  the  constants  have 
their  usual  meanings.  Fraser  showed  that  this  matrix  element  could  be  sepa 
rated  reasonably  well  into  two  parts.  One  part  represents  the  overlap  of  the 
wavefunc t ions  of  the  two  levels  with  each  other,  and  is  called  the  Franck- 
Condon  factor.  Fraser  showed  that  the  other,  the  electronic  transition  moment, 
could  generally  be  represented  adequately  by  a  function  (usually  polynomial  or 
exponential)  of  the  r-centroid.  This  quantity  is  defined  as 


<v ' | r | v"> 
^'v"  “  <v  | v"> 


(IQ) 
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by  measuring  the  relative  intensities  of  a  number  of  bands  with  a  common  upper 
vibrational  level,  one  can  map  out  how  the  electronic  transition  moment  varies 
with  r  centroid.  For  a  given  band  intensity  we  have 


(20) 


(21) 


Ratioing  measured  band  intensities  to  the  product  of  the  Franck-Condon  factor 
times  the  cube  of  the  transition  frequency  then  gives  a  set  of  reduced  inten¬ 
sities  which  should  vary  one  from  the  other  in  the  same  way  that  the  electronic 
transition  moment  varies  with  r  centroid: 


(22) 


We  have  measured  the  intensities  of  a  number  of  f i rs t-pos i t i ve  bands  over  the 
wavelength  region  between  500  and  1700  nm.  This  set  of  sequences  covers  the 
Av-6  through  Av--2  sequences  and  encompasses  an  r-centroid  range  between  about 
1.2  and  1.7A. 

! .  ?  F.Xf’RR  IMFNTAL 

I'lii  eo  different  monochromator/detector  systems  and  three  different  excitation 
'•onrces  were  used  in  these  studies.  This  allowed  us  to  make  careful  cross 
' hecks  of  i he  data  in  the  regions  of  spectral  overlap.  In  addition,  different 
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excitation  sources  emphasize  the  formation  of  different  vibrational  levels. 

This  allowed  matching  the  source  to  the  most  appropriate  wavelength  region. 

One  system  consisted  of  looking  at  the  excitation  of  nitrogen,  at  pressures  on 
the  order  of  a  few  millitorr,  by  a  high  energy  electron  beam  of  4.5  kV  and 
about  15  mA.  A  0.3  m  monochromator  with  an  S-l  photomultiplier  was  used  for 
these  observations  which  spanned  a  spectral  region  between  570  and  1050  nm, 
or  the  Av=4  through  Av=0  sequences  of  the  nitrogen  f irs t -posi t i ve  system.  This 
system,  the  LABCEDE  facility  at  AFC.L,  has  been  described  in  detail  previously 
in  this  report. 

The  second  system  which  emphasized  the  short-wavelength  region  of  the 
spectrum,  consisted  of  a  0.5  m  monochromator  coupled  to  a  thermoelec t r i cal ly 
cooled  photomultiplier  with  a  GaAs  photocathode.  It  covered  the  spectral 
region  between  500  and  850  nm,  covering  principally  the  Av=6  through  Av=2 
sequences  of  the  first-positive  system.  The  excitation  source  in  this 
instance  was  atomic  nitrogen  recombination  in  a  He/N2  discharge  afterglow. 

This  source  tends  to  emphasize  excitation  of  the  highest  levels  of  N2(B). 

The  third  system  employed  a  0.5  m  monochromator  with  an  intrinsic  Ge  detector. 
This  system  covered  the  spectral  region  between  700  and  1700  nm,  covering  the 
Av=2  through  Av=-2  sequences  of  the  nitrogen  first-positive  system.  In  this 
instance,  the  excitation  source  was  a  low  pressure  (0.1-20  Torr),  low  power 
(10-20  Watts)  microwave-discharge  lamp  in  nitrogen. 

All  systems  were  calibrated  for  relative  spectral  response  against  a  standard 
quartz-halogen  lamp.  In  the  latter  two  systems,  the  light  from  the  lamp  was 
reflected  off  a  BaS04  screen  into  the  entrance  slit  of  the  monochromator  in 
order  to  ensure  that  the  optics  were  filled.  The  BaSO^  screen  is  uniformly 
reflecting  to  within  +/-  2  percent  between  300  and  1300  nm. 106, 107  ^,-Qp 

off  in  reflectivity  beyond  1300  nm  is  only  a  few  percent,  but  was  included  in 
the  calculation  of  the  calibration  curves.  The  relative  response  of  the 
latter  two  systems  was  cross  checked  by  comparison  with  the  0/N0  air  afterglow 
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continuum.  Good  agreement  with  published  air  afterglow  intensities  was  found 
in  the  region  between  400  and  650  nm,l(-^-H0  but  not  in  the  inf  rared.  m 
Ue  further  checked  our  response  function  with  a  second  quartz-halogen  lamp  and 
with  a  1?50  K  black  body.  We  think  that  most  published  values  for  the  air 
afterglow  intensities  in  the  infrared  are  erroneous.  Recent  observations  by 
Ri  adburn  and  bilenfeld^^  over  this  same  spectral  region  result  in  a  similar 
cone lus ion . 

The  procedure,  therefore,  was  to  scan  the  first-positive  spectra  over  the 
appropriate  spectral  region  under  several  different  sets  of  conditions. 

7.1  RESULTS 

Flip  individual  hand  intensities  were  determined  with  the  use  of  the  PSI 
spectral  fitting  code.  This  code  enables  tire  determination  of  vibronic  level 
number  densities  from  the  resolved  emission  spectra  of  diatomic  molecules,  even 
when  there  is  significant  overlap  of  the  features  of  interest  with  other  bands. 
The  general  procedure  involves  calculating  synthetic  spectra  whose  magnitudes 
correspond  to  unit  population  for  the  bands  of  interest.  The  populations  of 
these  emitters  are  then  adjusted  in  a  linear  least-squares  fitting  routine  in 
order  to  best  reproduce  the  observed  spectrum.  The  synthetic  spectra  were 
calculated  at  the  instrumental  resolution  arrd  assumed  a  Boltzmann  distribution 
of  rotation  levels  best  matchirrg  the  observed  rotational  contours.  The  band 
intensities  were  calculated  from  effective  populations  determined  from  fitting 
spectral  regions  containing  only  orte  band  from  the  level  of  interest,  i.e., 
fitting  individual  band  sequences. 

often  significant  spectral  overlap  occurs  between  bands  of  interest  and 
others.  Generally  bands  from  higher  vibrational  levels  of  the  Av=n-1  sequence 
e'er  lap  with  the  lower  vibrational  levels  in  the  Av=n  sequence.  This  problem 
is  particular  !y  severe  for  the  Av-»1,  2,  1,0  sequences.  The  infrared  after¬ 
glow  .system  (p, '  ’•£*,,  B’FIp.)  a  ltd  several  sets  of  atomic-nitrogen  lines  contami- 
na » <  the  mioinva'T  disc bat  go  spectra.  The  infrared  afterglow  system  also 


affects  the  atom-recombination  data.  In  addition,  overlap  with  Av=n-1  first¬ 
positive  bands  is  particularly  severe  in  these  data  due  to  the  larger  relative 
populations  of  the  high  v'  levels.  The  N2+  Meinel  bands  (A^ nu-X^ £g+ )  are 
strong  in  electron-impact  excitation  spectra. 

Where  such  overlap  occurs,  it's  extent  determined  the  strategy  used  to  fit  the 
spectrum.  In  instances  where  the  overlap  is  only  partial,  the  code  determined 
the  populations  of  all  emitting  species  directly.  Where  more  complete  overlap 
is  present  or  where  bands  from  more  than  one  system  overlap  those  of  interest, 
populations  of  the  contaminating  species  were  estimated  by  fitting  adjacent 
regions  of  the  spectrum  where  more  reliable  estimates  could  be  made.  These 
populations  were  then  used  to  generate  a  synthetic  spectrum  that  was  computer 
subtracted  from  the  data,  thus  reducing  the  overlap.  Number  densities  were 
not  used  in  instances  where  the  relevant  feature  coincides  with  another  band 
of  comparable  or  greater  intensity  or  is  severely  overlapped  with  a  signifi¬ 
cant  band  for  which  no  independent  population  estimate  could  be  made. 

Figures  57  to  59  illustrate  the  power  of  the  spectral  fitting  procedure.  They 
show  successive  approximations  in  the  fitting  of  the  Av=0  sequence  in  the  data 
taken  on  LABCEDE.  In  Figure  57  only  the  v'=0-5  levels  of  N2(B)  and  some 
atomic  lines  were  included  in  the  fit.  Large  discrepancies  are  evident  in  the 
fit,  particularly  around  920  and  950  nm.  These  regions  contain  the  1,0  and 
2,1  Meinel  bands.  Including  the  Meinel  bands  in  the  fit  gives  the  result  dis¬ 
played  in  Figure  58.  The  region  between  910  and  950  nm  now  is  fit  excellently 
in  addition  to  some  improvement  at  1040  nm.  Some  problems  still  exist  at  970 
to  980  nm  and  between  1000  and  1010  nm.  The  7,8  and  6,7  f iist-posi tive  bands 
ap  -ar  in  these  regions.  Estimating  their  intensities  from  fits  at  shorter 
wavelengths,  and  subtracting  the  estimates  from  the  experimental  spectrum 
gives  the  result  in  Figure  59.  We  now  see  that  the  entire  spectral  region  is 
fit  excellently,  and  we  can  be  confident  our  fits  will  result  in  accurate 
intensity  determinations. 
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Figure  57.  Av  =  0  sequence  fit  for  N2(B-A)  and  atomic  lines. 
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Figure  59.  Av  -  0  sequence  fit  for  Nj(B  A),  N2+(A-X),  atomic  Lines 

with  estimated  contributions  from  other  N2(B-A)  sequences 
subtracted  out. 


We  note  that  systematic  errors  are  possible  in  this  analysis,  particularly 
when  subtraction  was  performed  since  the  particular  Einstein  coefficients 
determine  the  magnitudes  of  the  spectra  to  be  subtracted. In  regions  of 
tlie  spectrum  where  .such  subtraction  has  tire  potential  to  produce  significant 
errors,  there  is  overlap  of  data  using  at  least  two  excitation  methods  that 
produce  spectra  with  markedly  different  characteristics.  Thus  systematic 
errors  should  be  manifest  as  differing  trends  in  the  Re(r)  curves  from  the 
different  data.  The  lack  of  these  discrepancies  is  evidence  for  the  absence 
of  such  errors. 

The  r -centroids  and  Franck  Condon  factois  necessary  for  the  evaluation  of  the 
teduced  intensities  and  the  construction  of  the  Rc(r)  curve  were  calculated 
using  the  procedure  outlined  previously^-'.  Rydberg  Klein  Rees  potentials  were 
first  calculated  for  both  electronic  states  using  the  spectroscopic  constants 
of  Roux  et  al.^l(1  and  the  approach  of  Te  1 1  i  nghuisen^  ^ .  The  numerical  eigen 
functions  were  then  evaluated  using  the  Numerov  Cooley  procedure'll  to  solve 
the  radial  Schrodinger  equation.  The  overlap  integrals  in  the  r  centroid  and 
Franck -Condon  factor  calculations  were  evaluated  using  Simpson's  Rule. 

The  reduced  intensities  were  avetaged  (or  all  spectra  taken  with  a  given 
excitation  method.  A  total  of  four  spectra  were  analyzed  foL  the  discharge 
data,  three  for  the  atom-recombination  data,  and  two  for  the  data  taken  with 
the  LABCEDE  facility.  The  data  were  then  combined  to  form  the  relative  transi¬ 
tion  moment  curve  by  minimizing  the  sum  of  the  squares  of  the  differences  of 
each  v'  sequence  from  the  analytical  expression  which  best  represented  all  the 
data.  In  practice,  we  determined  the  best  fit  of  a  given  analytical  form  to 
one  v'  sejuence,  e.g.,  v'=2  or  v'=10,  and  then  adjusted  each  of  the  othei  v' 
sequences  to  obtain  the  minimum  least  squares  deviation  from  that  analytical 
expression.  We  then  recomputed  the  best  fit  analytical  expression  to  the 
adjusted  v'  sequences.  This  define  a  new  line,  and  tire  individual  v' 
sequences  were  adjusted  to  match  this  lino  best.  (ieneially,  aftei  several 
iterations,  noire  of  the  v'  sequences  could  be  adjusted  significantly  to 


improve  the  fit  between  all  of  the  data  and  the  analytical  form  which  best 
represented  them. 

We  tried  both  linear  and  quadratic  expressions  to  represent  Re  as  a  function 
of  r  v  <  v » .  The  fitting  procedure  showed  the  quadratic  term  not  to  be  statis¬ 
tically  significant.  The  best  linear  fit  was 
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Figure  60  shows  the  relationship  between  this  line  and  the  experimental  data. 

The  relative  transition-moment  curve  shown  in  Figure  60  was  placed  upon  an 
absolute  basis  by  multiplying  it  by  the  average  of  the  ratio 
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for  v'-5-12.  We  used  the  radiative  lifetimes  of  Eyler  and  Pipkin^^  in  the 
normalization.  In  principle,  these  should  be  the  most  accurate  values  because 
they  were  determined  by  laser- induced  fluorescence  in  a  molecular  beam  under 
col  1  is  ion- f ree  conditions.  Ve  note,  however,  that  this  set  of  lifetimes 
appear  to  be  10-15  percent  shorter  than  those  determined  in  the  most  reliable 
of  the  other  experimental-^. 120, 121  or  theoretical  studies. 32,65, 104 

7.4  DISCUSSION 

Table  15  compares  lifetimes  calculated  from  the  present  results  with  those 
of  Shemansky  and  Broadfoot^  as  well  as  the  recent  measurements  of  F.yler  and 
Pipkjnl^  a  ti  ri  t  he  theoretical  calculations  of  Werner  et  al.32  r  n  the  final 
column  we  list  the  theoretical  results  of  Werner  et  al .  scaled  to  match  the 
lifetimes  of  F.yler  and  Pipkin.  The  scaling  involved  fitting  Werner  et  al.'s 
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Figure  60.  Variaton  in  the  elec t ron- transi t ion  moment  with  r -centroid 
for  the  N2  first-positive  system. 


t rans i t ion -momen t  variation  to  a  quadratic  function.  This  quadratic  function 
was  then  used  as  a  relative  Re  function  to  calculate  relative  transition  proba¬ 
bilities.  The  relative  probabilities  were  then  made  absolute  by  applying  the 
procedure  given  by  F,q .  (74).  This  resulted  in  a  9  percent  increase  in 
Werner  et  al.'s  transition-moment  curve  at  every  point.  This  scaling  proce 
dure  results  in  a  set  of  lifetimes  which  agree  excellently  with  the  ones  we 
ha,rr  calculated.  The  maximum  discrepancy  is  about  5  percent  foi  the  lowest 
vibrational  levels. 
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Figure  61.  Electronic  transition  moments  tor  -  A^EU+). 

This  25-40  percent  discrepancy  in  the  lifetime  for  N2(B,v'=l)  is  in  keeping 
with  our  expectations  based  upon  our  analysis  of  the  N2(A)  lifetime  issue. 

Table  16  summarizes  our  results  completely.  It  gives  r-centroids,  Franck- 
Oondon  factois,  the  electronic  transition  moment  in  Debye  and  the  Einstein 
coefficients  for  all  important  transitions  in  the  nitrogen  f i rs t-posi t i ve 
bands . 
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TABl.F.  16. 


Einstein  coefficients  and  associated  data  for  the  nitrogen 
first-positive  system. 


v  ’  =0 


v  ’  =  1 


wavelength 

r  (  v  *  v  "  ) 

Re  (  r  ) 

Branching 

A  v  ’  v  ” 

nm 

Q  v  *  v  *' 

Angstroms 

Debye 

Ratio 

s  - 1 

0 

1046 . 94 

0. 3987 

1 . 253 

0.  661 

0. 5766 

4. 756E+04 

1 

1231 . 72 

0.3222 

1.215 

0. 680 

0. 3031 

2. 500E+04 

2 

1489. 53 

0. 1732 

1.183 

0. 696 

0. 0966 

7. 966E+03 

3 

1874.06 

0. 0691 

1.154 

0.711 

0.0202 

1 . 664E  +  03 

4 

2508. 56 

C. 0251 

1.126 

0. 725 

0.0032 

2. 620E+02 

5 

3752. 82 

0. 0081 

1 . 098 

0.  739 

0. 0003 

2. 621E+01 

6 

7293. 42 

0. 0025 

1 . 070 

0.  753 

0. 0000 

1 . 1 38E+00 

7 

94436 . 64 

0. 0008 

1 . 045 

0.  766 

0. 0000 

1 . 649E-04 

FCF  sum= 

0. 9996 

Av ’ v" sum= 

8 . 248E +04 

1  i  f  e  1 1  me  = 

1 . 212E-05 

0 

688. 35 

0.4104 

1 . 297 

0. 638 

0. 7243 

7. 481E+04 

1 

1017.92 

0. 0032 

1.315 

0. 629 

0. 0037 

3. 802E+02 

2 

1187.83 

0. 1585 

1 . 227 

0.674 

0. 1304 

1 . 347E+04 

3 

1420. 21 

0. 1688 

1.191 

0. 692 

0. 0959 

9. 902E+03 

4 

1756.99 

0. 1276 

1.161 

0.707 

0. 0357 

3. 692E+03 

5 

2288. 41 

0. 0648 

1.134 

0.  721 

0. 0085 

8. 817E+02 

6 

3250. 67 

0. 0287 

1.110 

0. 733 

0.0014 

1 . 409E+02 

7 

5521 . 57 

0.0114 

1 . 086 

0.  745 

0. 0001 

1 .  175E  +  01 

8 

17407. 73 

0.0042 

1 . 063 

0.  757 

0. 0000 

1 . 431E-01 

FCF  sum= 

0.9976 

Av’ v ” s  urn  = 

1 . 033E+05 

1  1  f  e  1 1  me  = 

9. 682E-06 

v  ’  =2 


v  "  = 


0 

773. 21 

0. 1557 

1 . 348 

1 

869. 55 

0. 2737 

1 . 309 

2 

990. 59 

0. 0690 

1 . 258 

3 

1147. 12 

0. 0230 

1 . 249 

4 

1357. 25 

0. 1264 

1 . 202 

5 

1653. 94 

0. 1430 

1.170 

6 

2104. 1 1 

0. 1026 

1.142 

7 

2867. 47 

0.0573 

1.117 

8 

4442. 93 

0. 0280 

1 . 095 

9 

9588. 1 1 

0.0126 

1 . 073 

FCF  sum= 

0.9913 

0.612 

0. 3353 

3. 962E+04 

0.632 

0.4417 

5. 218E+04 

0.658 

0. 0816 

9. 642E+03 

0.663 

0.0178 

2. 099E+03 

0.  686 

0. 0633 

7. 473E+03 

0. 703 

0.0414 

4. 896E+03 

0.717 

0. 0150 

1 . 776E  +  03 

0. 730 

0. 0034 

4. 058E+02 

0.  741 

0. 0005 

5. 496E+01 

0. 752 

0.0000 

2. 535E+00 

Av' v" sum= 

1  .  182E  +  05 

1  ifetime  = 

8 . 464E - 06 

13  1 


TABLE  16.  Continued. 


wavelength 

rlv’v") 

Re  (  r  ) 

Branching 

Av'v" 

V  "  = 

nm 

Q  v  *  v  " 

Angst  r  om  s 

Debye 

Ratio 

s  -  1 

0 

685. 85 

0.031  1 

1 . 408 

0.582 

0.0743 

1 . 024  E ♦ 04 

1 

760. 59 

0.  2843 

1 . 356 

0. 608 

0. 5443 

7. 500E  *  04 

851.61 

0. 0958 

1 . 323 

0.625 

0. 1380 

1 . 901E+04 

3 

964 . 79 

0.  1526 

1.271 

0.651 

0. 1642 

2. 262E ♦ 04 

4 

1109. 23 

0. 0054 

1.198 

0. 688 

0. 0043 

5. 884E+02 

5 

1299. 79 

0. 0416 

1.218 

0.678 

0.0199 

2. 748E  +  03 

6 

1562. 50 

0.  1073 

1.181 

0. 697 

0.031 1 

4. 280E  +  O3 

7 

1947. 50 

0.  1092 

1.151 

0.712 

0.0171 

2.  353E  +  03 

8 

2565. 31 

0. 0788 

1.125 

0. 726 

0. 0056 

7. 708E  +  02 

9 

3716.99 

0.0474 

1.102 

0.  737 

0. 001  1 

1 . 574E+02 

10 

6614. 82 

0. 0248 

1 . 082 

0.747 

0. 0001 

1 . 501E+01 

1  1 

27571 . 1 1 

0.0120 

1 . 063 

0.  757 

0. 0000 

1 . 029E-01 

FCF  sum= 

0. 9905 

Av' v"sum= 

1 . 378E  +  05 

1 1 f  e  1 1  me  = 

7. 257E-06 

v  ”  = 

0 

617.32 

0. 0038 

1 . 468 

0.551 

0.0101 

1 . 54  1  E  +  03 

1 

677. 23 

0. 0971 

1.413 

0. 579 

0.2152 

3. 292E+04 

2 

748 . 46 

0. 2964 

1 . 366 

0.  603 

0. 5275 

o . 069E+04 

3 

834. 49 

0.0075 

1 . 367 

0. 603 

0. 0096 

1 . 4  7 l E  +  03 

4 

940. 41 

0.  1514 

1 . 282 

0. 646 

0.  1557 

2. 382E+04 

5 

1073. 89 

0. 0509 

1 . 235 

0.670 

0.0378 

5. 783E+03 

6 

1247. 13 

0.0022 

1 . 272 

0.651 

0.0010 

3 . 508E+02 

7 

1480. 78 

0.0552 

1  .  193 

0.691 

0. 0166 

2. 547E+03 

8 

1812.72 

0.0943 

1.161 

0.  707 

0.0162 

2. 484E+03 

9 

2320. 85 

0.0901 

1 .  135 

0.720 

0. 0077 

1  .  174E  +  03 

10 

3194. 72 

0.0653 

1.111 

0.  733 

0.0022 

3. 372E+02 

1  1 

5047.68 

0. 0406 

1 . 090 

0. 743 

0. 0004 

5. 472E+01 

12 

1  1601 . 26 

0. 0226 

1 . 070 

0.  753 

0. 0000 

2. 578E+00 

FCF  s  um  = 

0. 9774 

Av’ v"sum= 

1 . 530E  +  05 

1 1 f  e  1 1  me  * 

6. 537E-06 

v  "  = 

0 

562. 1 7 

0. 0003 

1  .  504 

0.  533 

0. 0010 

1 . 707E  +  02 

1 

611.42 

0.0168 

1 . 478 

0. 546 

0. 0407 

6. 883E+03 

2 

668. 89 

0. 1684 

1.421 

0. 575 

0. 3455 

5. 842E+04 

3 

736. 77 

0. 2444 

1 . 378 

0. 597 

0. 4042 

6. 835E+04 

4 

818. 13 

0.0105 

1 . 330 

0.621 

0.0137 

2. 323E+03 

5 

917.32 

0. 0956 

1 . 296 

0.639 

0.0938 

1 . 585E+04 

6 

1040. 83 

0.0951 

1 . 249 

0. 663 

0. 0687 

1  .  162E  +  04 

7 

1198.67 

0.0086 

1.191 

0.692 

0. 0044 

7. 502E+02 

8 

1407. 28 

0.0143 

1.215 

0.  660 

0. 0044 

7. 440E+02 

9 

1695. 46 

0. 0598 

1.173 

0. 701 

0.0112 

1 . 892E  +  03 

10 

2118. 86 

0. 0809 

1.144 

0.716 

0.0081 

1 . 367E  +  03 

1  1 

2800. 76 

0. 0736 

1.120 

0.  728 

0. 0033 

5. 571E+02 

12 

4079. 41 

0. 0539 

1 . 098 

0.  739 

0. 0008 

1 . 361E+02 

13 

7339. 16 

0. 0343 

1 . 079 

0. 749 

0. 0001 

1 . 527E  *01 

1  4 

32630. 76 

0. 0202 

1.061 

0.  758 

0. 0000 

1 . 029E-01 

FCF  s  um  = 

0. 9767 

Av’ v"sum= 

1 . 69 1 E  +  05 

1  i f  e  t i me  = 

5 . 9 1 4E-06 

1  V. 
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TABLE  16.  Continued. 


wavelength  rtv’v")  Re(r)  Branching  Av'v" 

v"  =  nm  Qv’v”  Angstroms  Debye  Ratio  s-1 

0  516.84  0.0000  1.601  0.484  0.0000  6.917E+00 

1  558.17  0.0016  1.543  0.513  0.0042  7.606E+02 

605.68  0.0381  1.487  0.542  0.0863  1.579E+04 

660.81  0.2293  1.431  0.570  0.4430  8. 105E+04 

725.52  0.1561  1.390  0.591  0.2448  4.479E+04 

802.47  0.0580  1.321  0.626  0.0754  1.380E+04 

895.42  0.0352  1.314  0.630  0.0333  6.097E+03 

1009.82  0.1043  1.261  0.656  0.0748  1.369E+04 

1153.91  0.0392  1.218  0.678  0.0201  3.683E+03 

1340.78  0.0000  1.200  0.687  0.0000  1.636E-01 

1592.42  0.0255  1.188  0.694  0.0052  9.529E+02 

1949.06  0.0599  1.156  0.710  0.0070  1 . 279E+03 

2492.80  0.0713  1.131  0.722  0.0041  7.537E+02 

3421.41  0.0621  1.109  0.734  0.0014  2.618E+02 

5362.46  0.0460  1.088  0.744  0.0003  5.185E+01 

11930.70  0.0307  1.070  0.753  0.0000  3.219E+00 

FCF  s  urn  =  0.9573  Av’v"sum=  1.830E  +  05 

lifetlme=  5.465E-06 


478.94  0.0000  1.700  0.434  0.0000  1.020E-01 

514.23  0.0001  1.641  0.464  0.0002  3. 174E+01 

554.28  0.0043  1.564  0.503  0.0101  2.002E+03 

600.10  0.0729  1.495  0.538  0.1546  3.060E+04 

652.99  0.2650  1.441  0.565  0.4817  9.536E+04 

714.67  0.0748  1.407  0.582  0.1101  2.180E+04 

787.46  0.1064  1.337  0.618  0.1318  2.610E+04 

874.60  0.0031  1.300  0.637  0.0030  5.893E+02 

980.66  0.0817  1.275  0.649  0.0579  1.146E+04 

1112.43  0.0674  1.233  0.671  0.0349  6.910E+03 

1280.29  0.0103  1.183  0.696  0.0038  7.461E+02 

1501.12  0.0042  1.180  0.698  0.0010  1.896E+02 

1804.22  0.0326  1.170  0.703  0.0043  8.598E+02 

2245.28  0.0556  1.142  0.717  0.0040  7.920E+02 

14  2944.79  0.0607  1.118  0.729  0.0020  3.964E+02 

15  4220.86  0.0529  1.098  0.739  0.0006  1.206E+02 

16  7275.87  0.0397  1.079  0.749  0.0001  1.813E+01 

17  24268.39  0.0269  1.062  0.758  0.0000  3.388E-01 


FCF  sum= 


0. 9586 


Av’v"sum=  1 . 980E+05 
1 i f etime=  5. 051E-06 


TABLE  16.  Continued. 


v’  =8 


wave  length 

r  <  v  ’  v  M  > 

nm 

Qv  *  v" 

Angstroms 

0 

446. 80 

0. 0000 

1 . 800 

1 

477. 36 

0. 0000 

1.700 

2 

511.69 

0. 0003 

1 . 643 

3 

550. 49 

0.0102 

1 . 572 

4 

594.67 

0.  1102 

1 . 506 

5 

645. 40 

0.  2724 

1 . 452 

6 

704. 19 

0.0201 

1 . 436 

7 

773.07 

0.  1282 

1 . 349 

6 

854. 78 

0. 0046 

1 . 300 

9 

953. 19 

0. 0450 

1 . 290 

10 

1073.83 

0.0769 

1 . 245 

1 1 

1224. 98 

0. 0326 

1 . 206 

12 

1419. 59 

0. 0009 

1 . 200 

13 

1679.  12 

0. 0106 

1.189 

14 

2041 . 85 

0. 0353 

1.153 

15 

2583. 39 

0. 0516 

1.129 

16 

3476. 93 

0. 0536 

1 .  108 

17 

5225. 32 

0. 0459 

1 . 089 

18 

10157. 87 

0. 0350 

1 . 072 

FCF  sum  = 

0. 9333 

e  (  r  ) 

Branching 

A  v  ’  v  " 

iebye 

Ratio 

s-  1 

0.  383 

0. 0000 

7. 219E-04 

0. 434 

0. 0000 

6. 508E-02 

0. 463 

0. 0006 

1 . 253E  +  02 

0. 499 

0.0227 

4. 769E+03 

0.  532 

0.2216 

4. 655E+04 

0. 560 

0. 4738 

9. 952E+04 

0. 568 

0. 0277 

5. 8 1 9E  *  03 

0.612 

0. 1551 

3. 259E+04 

0.  637 

0. 0045 

9. 36  7E  +  02 

0.  642 

0. 0320 

6. 7 1 4E+03 

0 .  665 

0. 0410 

8 . 606E ♦ 03 

0. 684 

0.0124 

2. 606E ♦ 03 

0. 667 

0. 0002 

4 . 405  E  +  01 

0.693 

0.0016 

3. 374E+02 

0.711 

0. 0031 

6 . 582E  +  02 

0. 723 

0.  0023 

4. 915E+02 

0.  734 

0. 0010 

2.  156E  +  02 

0. 744 

0. 0003 

5. 584E  +  01 

0.  752 

0. 0000 

5. 931 E  +  00 

Av’v”sum= 

2.  1 GOE ♦ 05 

1  1  f  e  t i me  = 

4. 761E-06 

v’  =9 


0 

419.23 

0.0000 

2.000 

1 

446. 02 

0. 0000 

1 . 900 

2 

475.84 

0. 0000 

1 . 800 

3 

509. 22 

0.0006 

1 . 675 

4 

546. 80 

0.0191 

1 . 583 

5 

589. 40 

0. 1559 

1.514 

6 

638. 04 

0. 2471 

1 . 463 

7 

694. 07 

0.0002 

1 . 400 

8 

759. 24 

0.  1198 

1 . 363 

9 

835. 89 

0. 0291 

1 . 299 

10 

927. 24 

0.0136 

1 . 280 

1  1 

1037.81 

0.0661 

1 . 258 

12 

1174. 19 

0.0524 

1.221 

13 

1346. 30 

0.0122 

1 .  179 

14 

1569.91 

0. 0005 

1.174 

i5 

1871 . 55 

0.0158 

1.169 

16 

2299. 71 

0. 0358 

1.141 

17 

2953. 31 

0. 0466 

1.119 

18 

4070. 46 

0. 0470 

1 . 099 

19 

6405 . 63 

0. 0407 

1 . 082 

20 

13929.36 

0. 0320 

1 . 066 

FCF  sum  = 

0.9345 

156 

0.  281 

0. 0000 

2. 023E-02 

0.  332 

0. 0000 

1 . 950E-01 

0. 383 

0.0000 

1  .  153E  +  00 

0. 446 

0. 0013 

2. 982E+02 

0. 493 

0. 0401 

8. 910E+03 

0. 528 

0. 2998 

6. 661E+04 

0. 554 

0.4121 

9. 158E+04 

0. 586 

0. 0003 

6.  1 20E  +  0 1 

0.605 

0.1413 

3. 1 40E ♦ 04 

0.637 

0. 0286 

6. 347E+03 

0. 647 

0.0101 

2. 239E+03 

0.658 

0. 0361 

8. 033E+03 

0.677 

0.0209 

4. 651E+03 

0. 698 

0. 0034 

7.  644E  +  02 

0.701 

0. 0001 

1 . 831E  +  01 

0.  703 

0.0017 

3.  739E  +  02 

0.717 

0. 0021 

4. 753E+02 

0.  729 

0. 0014 

3. 013E  +  02 

0.  739 

0. 0005 

1  .  193E  +  02 

0.  747 

0. 0001 

2.  713E  +  01 

0.  755 

0. 0000 

2.  120E  +  00 

Av' v"sum= 

2. 222E  +  0S 

1  i f  e  t i me  = 

4 . 500E-06 

TABLF,  16.  Continued 


v*  =10 


v’  =11 


wave  1 ength 

** 

< 

<• 

< 

Re  (  r  ) 

Branching 

Av’  vM 

v"  = 

nm 

Qv’  v" 

Angstroms 

Debye 

Ratio 

a- 1 

0 

395 . 32 

0. 0000 

2.  100 

0.  231 

0. 0000 

1 . 620E-03 

1 

419.05 

0. 0000 

2.000 

0.  281 

0.0000 

1.688E-01 

2 

445 . 27 

0. 0000 

1 . 900 

0.  332 

0. 0000 

3. 920E-03 

3 

474. 37 

0.0000 

1 . 800 

0.  383 

0. 0000 

5. 1 70E+00 

4 

506. 82 

0. 0015 

1 . 676 

0.  446 

0.0031 

7. 185E+02 

5 

5'v3.  21 

0.0327 

1 . 593 

0.  488 

0. 0651 

1 . 524E+04 

6 

584. 26 

0.  1981 

1 . 525 

0.522 

o. 3633 

8. 506E+04 

7 

630. 90 

0. 2063 

1 . 475 

0.  548 

0. 3304 

7. 736E+04 

8 

684. 28 

0. 0101 

1 . 400 

0.  586 

0.0145 

3. 395E+03 

9 

745. 93 

0. 0902 

1 . 377 

0.  598 

0. 1040 

2. 435E+04 

10 

817.83 

0.0590 

1.317 

0.628 

0.0570 

1 . 335E+04 

1 1 

902.66 

0. 0003 

1 . 300 

0.637 

0. 0002 

4. 842E+01 

12 

1004. 09 

0. 0423 

1 . 273 

0.650 

0. 0237 

5. 545E+03 

13 

1127.34 

0.0590 

1.233 

0.671 

0.0248 

5. 812E+03 

14 

1280. 00 

0.0292 

1. 200 

0.687 

0.0088 

2. 064E+03 

15 

1473.65 

0. 0031 

1.149 

0.  713 

0.0007 

1 . S46E+02 

16 

1726. 80 

0.0030 

1 .  198 

0.  686 

0. 0004 

8. 664E+01 

17 

2070.94 

0.0185 

1 .  154 

0.711 

0.0014 

3. 302E+02 

18 

2564. 48 

0.0339 

1.130 

0.723 

0.0014 

3. 296E+02 

19 

3329.09 

0. 0417 

1.110 

0.  733 

0. 0008 

1 . 906E+02 

20 

4628. 34 

0.0417 

1 . 092 

0.  742 

0.0003 

7. 270E+01 

FCF  sum= 

0. 8706 

Av’ v"sum= 

2. 341E+05 

1  i  f et I me  = 

4. 271E-06 

v"  = 

0 

374.40 

0. 0000 

2.  500 

0.  028 

0. 0000 

9. 082E-05 

1 

395. 63 

0. 0000 

2. 300 

0.  129 

0. 0000 

6. 753E-02 

2 

418. 92 

0.0000 

2.  100 

0.  231 

0.0000 

9. 077E-02 

3 

444. 57 

0. 0000 

2. 000 

0. 281 

0. 0000 

1 . 979E-01 

4 

472.95 

0.0000 

1 . 893 

0.336 

0.0000 

1 . 002E+01 

5 

504. 49 

0.0028 

1 . 697 

0.  435 

0. 0053 

1 . 291E+03 

6 

539. 71 

0. 0502 

1 . 603 

0.  483 

0.0959 

2. 336E+04 

7 

579. 26 

0. 2325 

1 . 536 

0.517 

0.4117 

1 . 003E+05 

8 

623. 96 

0. 1526 

1 . 490 

0.  540 

0. 2362 

5. 752E+04 

9 

674. 81 

0. 0375 

1 . 393 

0.  589 

0.0546 

1. 330E+04 

10 

733. 12 

0. 0533 

1 . 395 

0.  588 

0. 0603 

1 . 470E+04 

1  1 

300.56 

0.0791 

1 . 332 

0.620 

0. 0765 

1 . 862E+04 

12 

879. 34 

0. 0057 

1 . 250 

0.662 

0. 0048 

1 . 157E+03 

13 

972. 44 

0. 0196 

1 . 293 

0.640 

0.0113 

2. 741E+03 

14 

1083. 96 

0.0520 

1 . 249 

0.663 

0.0231 

5. 623E+03 

15 

1219.69 

0.0431 

1 . 215 

0.680 

0.0141 

3. 444E+03 

16 

1388.  1  1 

0.0145 

1.  182 

0.  697 

0. 0034 

8. 253E+02 

17 

1602.  13 

0. 0003 

1.170 

0.  703 

0.0000 

9. 417E+00 

18 

1882.39 

0.0061 

1.  157 

0.  709 

0. 0006 

1 . 443E+02 

19 

2264.09 

0.0198 

1  .  143 

0.716 

0. 0011 

2. 747E+02 

20 

2798. 32 

0. 0321 

1.121 

0.  728 

0.0010 

2. 433E+02 

FCF  sum  =  0.8012 


Av’v"sum=  2.435E+05 
lifetime1  4.106E-06 
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TABLE  16.  Concluded. 


wavelength 

< 

< 

nm 

Qv’  v" 

Angstrom! 

0 

355.97 

0.0000 

2.500 

1 

375.  10 

0. 0000 

2.300 

2 

395. 98 

0. 0000 

2.100 

3 

418. 82 

0. 0000 

2.000 

4 

443. 91 

0. 0000 

)  .  900 

5 

471.58 

0. 0001 

1 . 840 

6 

502.22 

0. 0051 

1 . 706 

7 

536. 30 

0.0722 

1.615 

8 

574. 39 

0.2592 

1 . 546 

9 

617. 21 

0. 0968 

1 . 506 

10 

665.63 

0. 0713 

1 . 450 

1 1 

720. 75 

0.0198 

1 . 424 

12 

783. 99 

0.0827 

1 . 346 

13 

857. 16 

0. 0231 

1 . 288 

14 

942.64 

0.0026 

1 . 275 

15 

1043. 64 

0.  0349 

1 . 265 

16 

1164.54 

0. 0467 

1 . 230 

17 

1311 . 52 

0.  0276 

1 . 200 

18 

1493. 56 

0.0063 

1  .  167 

19 

1724.  19 

0.0001 

1  .  162 

20 

2017. 51 

0.0076 

1  .  157 

FCF  sum= 

0. 7561 

e  (  r  ) 

Branch  1 ng 

A  v  ’  v  " 

iebye 

Ratio 

s  -  1 

0.  028 

0. 0000 

3.  170E-07 

0.  129 

0. 0000 

9. 905E-04 

0.231 

0. 0000 

1 . 075E-02 

0.281 

0.0000 

6. 761E-02 

0. 332 

0.0000 

2. 374E-02 

0. 363 

0. 0002 

3. 775E ♦ 0 1 

0.  431 

0.0093 

2. 324E-*- 03 

0.  477 

0. 1335 

3. 338E+04 

0.512 

0. 4496 

1  .  1 24E  +  05 

0. 532 

0.  1463 

3. 657E+04 

0.  561 

0.0953 

2. 383E ♦ 04 

0.  574 

0.0218 

5. 46 1 E ♦ 03 

0.613 

0. 0810 

2. 025E ♦ 04 

0.643 

0.0190 

4. 754E+03 

0.  649 

0.0016 

4.  107E  +  02 

0.  654 

0. 0165 

4.  1  26E ♦ 03 

0.672 

0.0168 

4.  1  92E ♦ 03 

0.  687 

0.0073 

1 . 814E  +  03 

0.  704 

0.0012 

2. 942E  +  02 

0.  707 

0.0000 

3.  974E  +  00 

0.  709 

0.0006 

1 . 461E  +  02 

Av ’ v" sum= 

2 . 500E  +  05 

1  i f  e  1 1  me  = 

4. 000E-06 

8.  QUENCHING  OF  N2(A1ng,V' =0)  BY  N2 ,  02 ,  CO,  C02,  CH4,  H2 ,  AND  Ar 


8.1  INTRODUCTION 

i>nc  of  the  most  examined  areas  in  molecular  energy  transfer  is  the  exchange  of 
energy  between  near-resonant  states  in  different  molecules.  Extensive  experi¬ 
mental  and  theoretical  attention  has  been  given  to  the  atom-atom  and  atom- 
diatem  transfer  processes.  Elec t ionic- to-vibrat ional  energy  transfer  in  atom- 
diatom  and  diatom-diatom  collisions  has  also  been  intensively  investigated.  A 
much  less  well  investigated  area  is  the  competition  between  radiative,  intra¬ 
molecular,  and  intermolecular  electronic  relaxation  processes.  A  theoretical 
treatment  of  such  processes  is  complex,  since  information  about  two  electronic 
potential  curves  and  the  intermolecular  interaction  potential  must  be  avail¬ 
able.  Nonetheless,  studies  of  such  processes  are  extremely  important, 
especially  when  the  excited  state  is  me  Las  table  and  may  act  as  an  energy 
storage  reservoir.  These  states  may  play  an  important  role  in  chemical  laser 
kinetics,  atmospheric  background  emissions,  and  plasma  kinetics. 

An  example  of  such  a  coupled  system  is  found  in  the  lowest  lying  singlet 
states  of  N2.  The  a^FIg,  a'^Eu_,  and  w^Ay  states  all  have  term  energies  of 
approximately  8.5  eV  and  are  metastable  with  respect  to  radiation  to  the  ground 
X^Eg+  state.  An  electronic  energy  level  diagram  of  these  states,  shown  in 
Figure  13,  and  is  repeated  here.  It  highlights  the  many  opportunities  for 
near  -  resonant  energy  exchange  within  the  singlet  manifold. 

These  states  may  be  coupled  via  emission  of  infrared  radiation.  The  w-a  and 
a'  a  transitions  comprise  the  well  known  McFarlane  Infrared  Transitions  in  N2. 
These  transitions  were  observed  in  N2  laser  cavities  by  McFarlane^®  and  the 
w-a  transition  lias  been  most  recently  observed  by  Fraser,  Rawlins,  and 
Mil  let. The  a-a'  transition  has  been  recently  probed  in  absorption  using 
diode  laser  spectroscopy  by  Hirota.^'.  Transition  probabilities  for  the  a-a' 

1 1  ansi  t  ion  have  been  calculated  by  Freund^®  and  have  recently  been  reinvesti¬ 
gated  by  Marinelli,  Green,  DeFaccio,  and  Blumberg.^^.  Radiative  coupling  of 
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Figure  13.  Energy  level  diagram  for  Ny  singlets. 


these  states  to  the  ground  state  is  via  forbidden  transitions.  The  well  known 
a^Ilg  -  X^Zg+  (Lyman-Birgc  Hopfield)  bands  have  been  the  subject  of  numerous 
studies, ^  although  the  radiative  lifetime  of  the  a  ^  Ilg  state  remains  a  subject 
of  much  controversy.  Measurements  of  the  lifetime  center  around  a  value  of 
80^q  us.  58,62-64  The  a'-*-Eu~  -  X^Eg+  transitions  (Ogawa-Tanaka-Wi lkinson- 
Mul liken  Bands)  have  been  observed  in  absorption.  Only  v'=0  of  this  state  lias 
been  observed  in  emiss ion . 6 1 85  The  radiative  lifetime  of  the  a ' ^  £u  “  state  is 
also  quite  uncertain,  129, 130  although  the  latest  work  of  Piper66  appears  to 
have  established  a  lower  bound  on  the  lifetime  of  23+^  ms.  The  w^,  -  X^Egf 
transition  has  only  been  observed  in  absorption  in  high  pressure  N2.6 


The  collisional  relaxation  of  the  coupled  singlet  states  has  been  investigated 
in  a  series  of  papers  by  Golde  and  Thrush , Freund, 128  van  Veen  and 
coworkers,  ^  ^nd  Piper. Collisional  quenching  of  the  a^llg  state  by  CO  has 
been  investigated  by  Filseth*^  and  Sha ,  Proch,  and  Kompa.122  Rotational 
lelaxation  of  the  a^Ilp  state  has  also  been  investigated  by  Kompa  and 
coworkers . 1  12  Most  recently,  vibrational  relaxation  of  N2(a)  and  intersystem 
crossing  with  the  a' -state  has  been  investigated  by  Marinelli,  Green, 

DeFaccio,  and  Blumberg.^-1 

The  early  work  by  Golde  and  Thrush  used  a  discharge  flow  reactor  to  create 
active  nitrogen  in  Ar  at  pressures  from  1-6  Torr.  Their  observation  of  a'-X 
and  a -X  emissions  showed  that  ^(a,  v -0 )  could  be  excited  by  N2(a' ,  v=0) 
through  the  endothermic  process 

Na(a',  v'-O)  At  >  Na(a,  v "-()•)  ♦  Ar  AE  -  1212  cm  1 . 

This  conclusion  was  supported  by  the  observed  variation  in  a'/a  emission 
intensities  with  pressure  and  temperature.  Electronic  quenching  of  ^(a,  v=0) 
by  At  and  was  measured  to  lie  quite  slow  (kAr  >  3  x  10_12  cm3  molecule-!  s-l 
and  k  >  -  1.7  x  10-12  cm3  molecule'!  s  1).55  phe  quenching  rate  coefficient 
for  GOji  was  measured  to  be  6.5  x  10  H  cm^  molecule-!  s-l  and  is  strongly 
dependent  on  the  a -state  vibrational  level. 

Golde  and  Thrush  also  observed  quenching  of  high  vibrational  levels  of  N2(a) 
to  he  strongly  dependent  on  both  vibrational  level  and  temperature.  The  high 
levels  of  the  a  state  vote  produced  via  N  atom  recombination.  They  measured 
quenching  tate  coefficients  ranging  from  1.6  x  10-12  to  2.7  x  10-H  cm^ 
molecule  1  s'!  foi  vibiational  levels  0-6.  Ouenching  by  Ar  was  observed  to 
have  similai  tates,  suggesting  that  little  energy  is  transferred  in  the 
pi  or  ess  and  that  tiansfcr  to  the  a'  and/oi  w  states  is  the  dominant  quenching 
tnr  r  ban  i  sm . 
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Direct  tvo-photon  excitation  of  N2(a,  v'=0,l)  was  used  by  van  Veen  and 
coworkers-^  in  their  quenching  studies.  They  observed  both  simple  quenching 
of  the  a-state  at  low  pressures  and  coupled  relaxation  of  the  a-a'  states  at 
higher  pressures.  Quenching  rate  coefficients  of  2.1  x  10-!!  and 
2.0  x  10-11  cm^  molecule-^  s-!  were  measured  for  N2(a)  levels  0  and  1 
respectively.  At  higher  pressures  a  decay  rate  coefficient  of  2.3  x  10~!3  cm3 
molecule-!  s-!  was  measured  for  the  coupled  system.  They  concluded  that  this 
rate  was  due  to  the  rate-limiting  relaxation  of  N2(a' ,  v=0). 

These  conclusions  are  supported  by  the  measurements  of  Piper. ^6  In  his  study 
of  N2(a' )  quenching  by  a  range  of  gases  he  measured  a  rate  coefficient  for 
relaxation  by  N2  of  1.9  +  0.5  x  10-!3  cm3  molecule-!  s-!.  Quenching  by  NO, 
CH4,  CO,  and  N2O  was  observed  to  be  approximately  gas  kinetic  while  quenching 
by  H2,  O2,  and  CO2  was  observed  to  be  roughly  tenth  gas  kinetic.  Quenching 
by  Ar  was  observed  to  be  quite  slow  (k  <  2  x  lO-!^  cm3  molecule-!  s-!).^^ 
Quenching  by  CO  was  observed  to  efficiently  produce  CO(A-X)  emission.  Energy 
transfer  from  N2(a)  to  CO  was  also  observed  to  produce  A-X  emission  by  Kompa 
and  coworkers . !32  They  measured  a  quenching  rate  coefficient  a  factor  of  3  to 
4  greater  than  gas  kinetic  for  the  total  relaxation  process.  The  energy  mis¬ 
match  between  N2<a)  and  C0(A)  vibrational  levels  was  observed  to  be  the 
controlling  factor  in  the  partitioning  of  energy  to  C0(A,v). 

Quenching  of  high  vibrational  levels  of  N2(a)  by  N2  was  observed  to  be  nearly 
gas  kinetic  by  Marinelli  and  coworkers. ^3  The  lowet  vibrational  levels  were 
measured  to  relax  at  rates  nearly  tenth  gas  kinetic  but  coupling  to  the 
a'-state  in  their  electron-beam  excitation  experiment  made  an  exact  determina¬ 
tion  of  these  rate  coefficients  quite  difficult.  Electronic  relaxation  of  the 
vibrational  manifold  was  measured  to  have  an  average  rate  coefficient  of 
8.9  x  10-!2  cm3  molecule-!  s-!,  somewhat  lower  that  the  results  for  v=0,l 
measured  by  van  Veen  et  al.3? 

The  present  study  extends  our  previous  work.  We  now  use  two-photon  excitation 
of  N2(a,  v — 0 )  to  examine  quenching  of  this  level  by  a  variety  of  species.  Our 
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hope  is  to  provide  more  detailed  insight  into  the  global  observations  in  the 
previous  study. ^ 

8.2  EXPERIMENTAL 

These  experiments  were  conducted  using  a  standard  laser-induced  fluorescence 
apparatus  consisting  of  a  flow  cell,  NdtYAC  pumped  dye  laser  system,  and  time 
resolved  fluorescence  detection  equipment.  A  schematic  diagram  of  the 
apparatus  is  shown  in  Figure  62  and  each  of  the  components  is  described  in 
detail  below. 

POWER  METER 


PMT 


A- 55 1 1 

Figure  62.  Schematic  diagram  of  experimental  apparatus  used  in 
quenching  experiments. 

The  quenching  experiments  were  performed  in  a  2.5  cm  diametpr  flow  reactor 
pumped  by  a  17  cfm  rotary  pump.  Flow  velocities  in  excess  of  1000  cm  s'^  are 
achieved  in  this  system.  A  flowing  system  was  employed  to  eliminate  the  possi 
bility  of  interference  in  the  kinetic  measurements  due  to  quenching  by  laser 
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produced  species  or  reaction  products.  Flow  rates  for  N7  and  other  quenching 
species  were  measured  using  calibrated  mass  flow  meters  (Teledyne-Has t i ngs )  and 
total  cell  pressures  were  detei mined  using  capacitance  manometers  (MRS).  All 
gases  were  standard  reagent  grade  and  were  used  without  further  purification. 
The  kinetic  measurements  were  performed  in  a  section  of  the  flow  reactor  con¬ 
sisting  of  a  teflon  coated  (Dupont  Ploy  TFF.)  and  internally-blackened  six  way 
cross.  One  axis  of  the  cross  was  utilized  for  gas  flow  while  a  second  axis  was 
equipped  with  baffled  Sl-UV  quartz  windows  for  introduction  of  the  laser  beam. 
The  third  axis  of  the  cross  was  fitted  with  a  PMT  to  view  the  fluorescence. 

The  Npia^Ilp,  v'-O)  state  was  excited  using  a  pulsed  Nd :  YAG  pumped  dye  laser 
(Ouantel  International  YG  581 C/TDI.  bo).  The  output  from  a  bO  pet  c  ent  mixture 
of  Rb90/R610  was  frequency  doubled  to  obtain  approximately  10  mJ  at  290  nm  in 
a  7  11s  O-suitched  pulse.  The  UV  output  of  the  laser  system  was  maximized 
using  servo-tracking  of  the  non-linear  KDP  crystal  phase  matching  angle.  A 
Follin  Brocha  prism  was  used  to  separate  the?  fundamental  and  second  harmonic 
output  of  the  laser  system.  Right  angle  prisms  were  used  to  direct  the  beam 
to  a  10  cm  focal  Sl-UV  quartz  lens  which  focused  it  to  a  spot  in  the  center  of 
Mie  cell.  The  laser  power  was  monitored  at  the  exit  window  of  the  cell  using 
a  surface-absorbing  power  metei  (Scientech). 

Fluorescence  was  observed  from  the  N^fa-X)  tiansition  using  a  solar  blind  PMT 
(F.MR  542G-17)  located  approximately  6  cm  from  the  laser  focal  volume.  A  flow 
of  N2  was  used  to  putge  the  region  between  the  CaF2  window  of  the  fluorescence 
cell  and  the  PMT  pho toca thode .  This  technique  has  been  shown  to  effectively 
eliminate  absorption  at  wavelengths  above  14b  nm.  No  fluorescence  collec¬ 
tion  optics  were  employed  (effective  f/1.2)  and  the  distance  from  the  center 
of  the  cell  to  the  exit  window  was  limited  to  4  cm  to  minimize  absorption  of 
fluorescence  by  some  of  the  quenching  gases.  Fluorescence  signals  from  the 
PMT  were  captured  using  a  200  MHz  transient  digitizer  and  stored  on  an  [BM-PC 
f  or  analysis  (LeCroy  TR8828C/CATAI.YST) .  A  standard  linear  least  squares 
analysis  package  was  employed  to  obtain  kinetic  rates  from  the  fluorescence' 
clef  ays . 


1  A4 


8.3  RESULTS  AND  ANALYSIS 


The  quenching  of  N2(a,  v'^0)  is  complicated  by  the  possibility  of  collisional 
coupling  to  N2(a',  v"=0).  For  the  case  of  quenching  by  N2  the  relevant 
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The  treatment  of  this  coupled  system,  neglecting  activation  front  the  ground 
state,  has  been  reviewed  for  the  case  of  vibrational  energy  transfer  by 
Yardley.^^  The  solution  to  these  equations  for  the  behavior  of  N^fa,  v  0)  is 
given  by 


[N2(a)]t  -  [N2(a)]o 


(27) 
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where 
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The  two  decay  constants,  A]  and  Ay,  are  given  by  the  relations 
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r n  our  experiments,  Ny(a,  v-0)  is  produced  by  the  laser  and  decays  initially 
to  lfcc.ch  a  coupled  equilibrium  wit'  ’  a',  v^O).  The  system  subsequently 
decays  at  a  rate  determined  by  a  weighted  average  of  the  relaxation  rates  to 
the  ground  or  other  excited  states.  The  weighting  factor  is  simply  the 
Boltzmann  distribution  of  total  population  in  Ny(a)  and  Ny(a').  An  additional 
relation  between  Ai  and  Ay  gives  the  ratio  of  the  amplitude  components  of  the 
fast  (initial)  and  slow  (final)  decays;  S: 


S  = 


X2  ”  C11 
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For  the  coupled  system  Ny(a,  v=0)/N2(a',  v=0)  the  amplitude  ratio  is  given  by 
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which  has  a  value  of  168  at  300K.  Previous  results  for  the  values  in  the 
second  term  of  expression  (32)  show  that  this  term  is  also  unity  or  greater 
under  our  expel*  i men  cal  conditions.  Hence,  S>>1.  The  results  of  van  Veen  and 

covorkers^?  show  that 

h  :  1:u  ■  61  •  kb)  r?]  ■  k2  <14) 


and  hence,  from  expression  ( 30) 

X2  *  h  *  hlfb]  *  k4  <><» 

Thus,  is  related  to  the  loss  of  a  state  via  N2  quenching  to  any  state  and 
ladiative  decay,  while  Ay  is  related  to  loss  of  a  state  to  a'  followed  by 
decay  of  that  state. 

Oui  experiment  employs  an  8  bit  digitizer  (lesolution  -  4  x  10*3  0f  fu}] 
scale).  Hence,  the  ratio  of  fast  to  slow  amplitudes  in  our  experiment  is  such 
that  the  slow  component  of  the*  decay  is  much  smaller  than  the  resolution  of 


the  data  acquisition  system.  Thus  we  are  only  able  to  determine  and 
equation  (27)  reduces  to 


[  (k  +  k,- 1  p^2 1  +  k?l  t 

[N2(a,  v=0)]t  =  [N2(a,  v=0)]q  e  LV  L  ZJ  /Jt  (36) 

This  is  classical  first  order  kinetics  in  which  the  magnitude  of  kj  +  k5  may 
be  determined  from  a  Stern-Volmer  type  analysis. 

8.3.1  Quenching  by  N2 

A  typical  two  photon  laser- induced  fluorescence  spectrum  of  the  N2(a-X,  0-0) 
band  is  shown  in  Figure  63.  All  fluorescence  decay  experiments  were  performed 
by  exciting  the  S-hranch  band  head  of  this  transition  (J=7-9).  At  the  N2 
pressures  employed  in  these  experiments  sufficient  collisions  are  available  to 
tbermalize  the  rotational  population  of  v'^0  prior  to  quenching  by  other 
species.  Though  we  did  not  attempt  to  observe  any  dependence  of  quenching 
late  on  rotational  level  excited,  we  believe  these  experiments  would  not  be 
able  to  detect  such  an  effect. 

The  decay  of  N2(a,  v=0)  emission  intensity  as  a  function  of  time  for  an  N2 
density  of  1.3  x  10^  molecules  cm-^  is  shown  in  Figure  64.  The  log  of  the 
emission  intensity  is  clearly  linear  for  in  excess  of  three  e-folding  life¬ 
times  in  this  plot  (only  four  are  practically  possible).  A  plot  of  first- 
oider  rate  coefficients  determined  as  a  function  of  N2  density  is  shown  in 
Figure  65.  The  slope  of  this  line  gives  the  value  of  kj  +  k5,  the  total 
quenching  rate  coefficient  for  this  level  by  N2.  A  leas t -squares  analysis  of 
the  data  gives  a  value  for  the  rate  coefficient  of  2.2  +  0.1  x  10”^  cnP 
molecule-^  s"!  in  excellent  agreement  with  the  results  of  van  Veen  and 
coworkers -r 

The  intercept  of  the  line  indicates  a  zero-pressure  decay  rate  of  1  x  1(P  s-!. 
This  is  approximately  an  order  of  magnitude  faster  than  the  reported  lifetimes 
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Figure  64.  Fluorescence  decay 
of  N2 (a ,  v ' -0 ) . 


Figure  65.  Plot  of  first-order  decay  rates  as  a  function  of  N2  density. 

The  slope  of  this  line  gives  the  quenching  rate  coefficient. 

for  N2(a)-'8>62-64  and  can  be  simply  explained  by  considering  diffusion  out  of 
the  field  of  view  of  our  detection  system.  Of  course  the  diffusion  rate  is 
inversely  proportional  to  pressure  this  should  result  in  some  curvature  in  the 
plot  of  Figure  65  at  low  pressure.  However,  quenching  by  N2  is  sufficiently 
rapid  that  the  diffusion  component  of  the  decay  represents  only  a  minor  con¬ 
tribution  to  the  total  decay  rate  at  all  but  the  lowest  N2  densities.  No 
curvature  can  be  effectively  discerned  from  this  plot. 

R.3.2  Quenching  by  Ar,  CO?, _ H2,  0? ,  and  CH4 

Aodition  of  other  species  to  a  fixed  amount  of  N2  enables  the  determination  of 
total  quenching  rate  coefficients  for  these  species.  In  these  experiments 
approximately  1  Torr  of  N2  was  employed  in  order  to  produce  the  ^(a).  At 
this  pressure  the  decay  of  N2(a)  is  dominated  by  N2  quenching  and  the  contri¬ 
bution  due  to  diffusion  is  not  important.  First-order  decay  rates  were 
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determined  as  a  function  of  quencher  density  for  each  species.  The  contribu¬ 
tion  due  to  quenching  by  N2  was  subtracted  from  each  rate,  using  the  rate 
coefficient  reported  above,  in  order  to  account  for  variations  in  N2  density 
as  the  quencher  density  was  varied.  Stern-Volmer  type  plots  for  quenching  of 
Np(a)  by  O2,  CO2  and  H2  are  shown  in  Figure  66.  A  summary  of  measured  rate 
coefficients  is  given  in  Table  17. 

An  attempt  was  made  to  determine  the  quenching  rate  coefficient  for  N2O; 
however,  N2O  is  efficiently  excited  by  the  laser  at  the  wavelength  used  to 
excite  ^(a,  v=0)  and  VUV  emission  was  observed  in  the  bandpass  of  our  detec¬ 
tion  system.  Nitrous  oxide  is  transparent  at  the  290  nm  wavelength  of  our 
excitation  laser  and  absorbs  into  a  structured  continuum  at  145  nm  via  a  two- 
photon  process.  Absorption  at  145  nm  does  not  produce  products  which  radiate 
in  the  VUV.1^4  No  further  attempt  has  been  made  to  explore  this  process. 


Figure  66.  Stern-Volmer  plots  for  quenching  of  N2(a,  v'=0) 
by  O2,  H2,  and  CO2. 
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TABLE  17.  Measured  quenching  rate  coefficients 
for  N2(a,  *  IIg,  v'  =0) . 


Species 

ki  +  k5  (10  1^  cm^  molecule  1  s~l) 

Ar 

0.13  ±  0.01 

N? 

0.22  +  0.02 

°2 

4.3  +0.2 

CO 

2.8  +0.2 

h2 

2.0  ±  0.1 

co2 

1.30  +  0.05 

ch4 

5.2  +  0.2 

8.3.3  Quenching  by  CO 

The  quenching  of  N2(a)  by  CO  produced  strong  emission  in  the  130-190  nm 
bandpass  of  our  detection  system.  This  is  of  course  due  to  the  excitation  of 
C0( II)  via  energy  transfer.  Since  the  radiative  lifetime  of  the  C0(A)  state 
is  approximately  10  ns*-^  and  the  kinetic  decays  occur  on  the  microsecond  time 
scale,  C0(A)  is  in  steady  state  during  the  decay  and  its  emission  can  be  used 
as  a  tracer  for  the  N2(a)  density.  Hence,  this  emission  can  be  used,  exactly 
as  the  direct  emission  from  N2<a)  was  employed,  to  obtain  the  quenching  rate 
coefficient  for  CO.  The  Stern-Volmer  analysis  of  the  decay  rates  shown  in 
Figure  67  yields  a  rate  coefficient  of  2.8  +  /-  0.2  x  10~10  cm3  molecule-!  s~l. 
This  is  approximately  a  factor  of  two  slower  than  observed  by  Kompa  and 
coworkers . 132 

8.4  SUMMARY 


These  preliminary  observations  provide  a  basis  for  future  measurements.  The 
rapid  transfer  rates  out  of  N2(a)  are  perhaps  due  to  near-resonant  energy 
transfer  (E-E)  for  several  partners  such  as  CO  and  02-  The  rate  for  argon  is 
more  puzzling.  The  rate  for  N2  quenching  partner  is  slower  than  expected. 
Hydrogen  presents  a  real  enigma.  Transfer  to  H2  would  result  in  dissociation 
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Figure  67.  Stern-Volmer  plot  for  quencher  of  N2(a,  v'=0)  by  CO 


producing  fast  moving  H  atoms.  Future  spectrally  resolved  measurements  of  the 
fluorescence  will  provide  additional  insight  into  the  energy  transfer  pathways 


9.  LOW  PRESSURE  0]  PRODUCTION 


9.1  INTRODUCTION 

In  the  quiescent  atmosphere  ozone  production  below  100  km  occurs  via 

O+O2+M+O3+M  (37) 

the  three-body  recombination  mechanism.  This  mechanism  has  been  studied 
extensively^5-142  b0th  (n  t|ie  laboratory  (COCHISE)  and  in  field  experiments 
(SPIRE).  Our  motivation  in  studying  O3  in  the  LABCEDE  facility  arose  from 
several  field  observations  of  potentially  enhanced  03(v)  production  under 
disturbed  atmospheric  conditions,  i.e.,  both  aurora  and  electron  gun  dosing. 

Our  goals  were  to  look  for  O3 (v^)  emission  in  electron  irradiated  O2/N2  mix 
tures,  evaluate  the  IR  emission  intensity  lo  ascertain  the  dominant  production 
mechanism  at  low  pressure,  and  measure  0 3 ( V3 )  collisional  relaxation  kinetics. 

Measurements  of  03^3)  emission  were  obtained  in  the  cryogenic  LABCEDE 
facility  using  a  CVF.  The  electron  beam  acceleration  potential  was  4.5  kV  for 
all  of  these  measurements.  The  electron-beam  was  operated  in  both  a  DC  and 
pulsed  mode  with  peak  currents  up  to  30  mA.  In  pulsed  mode,  the  repetition 
rates  ranged  from  2.9  to  4.5  Hz  and  utilized  a  20  ms  electron  beam  pulse  width. 
The  CVF  was  controlled  by  a  laboratory  computer,  PDP  11/03,  to  obtain  both 
spectrally  resolved,  ~  2.5  percent  A,  and  temporally  resolved,  ~  6  ms,  fluores¬ 
cence  intensities.  Gas  mixtures  of  both  Oy/kv,  O2/N2  were  irradiated.  Studies 
of  03(\J3)  emission  were  performed  with  constant  partial  pressures  of  O2  varying 
buffer  gas  pressure  and  witli  constant  buffet  gas  pressure  and  vatying  O2 
partial  pressures. 

9.2  IR  DATA 

Figures  68  and  69  present  examples  of  the  03(\>3)  emission  observed  in  Ar  and 
N2  buffer  gas  respectively.  These  figures  show  population  into  vibrational 
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levels  up  to  v=5.  The  time  dependent  emission  in  Ar  buffer  gas  shows  evidence 
of  vibrational  redistribution  (note,  the  radiative  decay  lifetime  ranges  from 
~  100  ms  for  v=l  to  ~  25  ms  for  v=5)  from  the  upper  vibrational  levels  feeding 
population  into  the  lower  vibrational  levels.  By  contrast  the  time  dependent 
emission  in  N2  buffer  shows  decay  of  population  from  even  the  lowest  vibra¬ 
tional  levels.  This  alone  suggests  either  N2  or  O2  or  both  are  more  efficient 
at  collisionally  relaxing  03^3)  than  is  Ar. 


To  obtain  vibrational  level  population  information,  the  03^3)  spectra  were 
analyzed  by  a  least-squares  fitting  procedure  whose  details-*-^ ,  139  have  been 
described  previously.  For  v=l,2  detailed  information  on  the  rotational  line 
positions  and  strengths  were  obtained  from  the  AFGL  absorption  line  parameter 
compilation^-}'  144  an(j  convolved  with  the  instrumental  slit  function  to 
generate  a  vibrational  basis  function  for  a  Boltzmann  distribution  of  rota¬ 
tional  levels,  Tr.  For  v>3  the  bandshapes  were  calculated  using  the  rota¬ 
tional  line  spacings  and  relative  strengths  for  the  (001)-(000)  band  convolved 
with  the  instrumental  slit  function.  Combining  the  bandshape  and  bandcenter 
transition  frequencies,  vq y,  obtained  from  the  perturbation  treatment  of 
Adler-Golden  and  Armstrong,  1^5  we  wei-e  able  to  generate  basis  functions  for 
the  upper  vibrational  levels.  To  transform  spectral  fits  into  molecular 
number  densities  required  band-integrated  Einstein  coefficients,  For 

v=l,2  these  were  available  from  the  line  compilation  of  the  AFGL.^3,144  For 
v>3  the  Einstein  coefficients  were  scaled  from  the  values  for  (001)->(000)  via 


v'  v 


=  v'  A 


10 


V'  V’ 


*10  J 


(38) 


where  10  denotes  the  (001)-(000)  transition.  Figure  70  presents  the  level  of 
agreements  that  was  routinely  obtained  between  the  experimental  data  and 
spectral  fit.  The  individual  vibrational  basis  functions  are  presented  with 
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Figure  70.  O3  fluorescence  and  spectral  fit  of  1  mtorr  C>2/9  mtorr  N2. 


the  correct  relative  contribution  to  the  theoretical  spectral  fit.  Molecular 
number  densities,  Nv/ ,  where  determined  from 


Nv,  =  Iv»/h  vov,  Av/^v"  (39) 

where  Iv<  is  the  contribution  to  the  total  integrated  intensity  due  to  each 
v'  *v"  band  calculated  from 


Iv,  =  CXF(v)  41IAA/L  (40) 

utilizing  the  measured  intensity  calibration  (p.  104-114  of  Ref.  99),  where  C\ 
is  the  CVF  spectral  response  function,  F(v)  is  the  non-linear  response  correc¬ 
tion  factor,  AA  is  the  CVF  resolution,  and  L  is  the  emitter  line  thickness. 
Using  steady  state  arguments  we  estimated  what  concentration  of  atomic  oxygen, 
f 0 1  would  be  necessary  to  produce  the  observed  concentration  of  ozone,  J O3 ( v ) ] 
via  the  three -body  mechanism: 
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Using  the  fitting  code  described  previously,  the  integral  kinetics  code  to  he 
described  later  and  a  ^3 _ bociy  =  3  x  10_33  cmf)  molecule-^  s-*  (Ref.  142)  we 
calculated  a  concentration  of  [0]  which  would  be  required  to  explain  the 
fluorescence  intensity  observed.  Only  at  very  high  pressures  of  l/4:02/Ar 
mixtures  could  obtain  [0]  <  2(021-  The  conclusion  being  that  even  if  neatly 
all  the  02  were  dissociated,  there  would  be  insufficient  O3  production  to 
explain  the  observed  03<v)  concentration  via  a  three-body  mechanism. 

The  observed  pressure  dependence  of  03(v=l)  emission  at  9.65  pm  for 
l/4:02/Ar  and  l/6:02/N2  mixtures  is  presented  in  Figures  71  and  72.  The  data 
obtained  in  nitrogen  suggests  a  pressure  dependence  of  p^-^,  however  the 
pressure  dependence  in  argon  is  very  complex.  Between  10  and  30  mtorr  the 
pressure  dependence  is  p^-l.  At  low  pressure  it  scales  as  p^-*,  and  above 
40  mtorr  we  may  be  observing  the  onset  of  an  even  larger  pressure  dependence. 
Additional  pressure  dependence  measurements  and  analysis  were  performed  to 
understand  these  pressure  dependence  variations.  Many  parameter'  were  checked 
and  evaluated  to  assist  us  in  our  interpretation.  Residence  time  within  the 
tank  provided  an  interesting  set  of  results  (see  Figure  73).  We  calculated 
the  residence  time  phenomenologically  via, 


Residence  Time  (s) 


Volume  (cc) 
Pump  Speed  (cx/s) 


(42) 


At  constant  pressure  the  effective  pump  speed  can  be  related  to  the  flow  of 
gas  into  the  tank  with 


Pump  Speed 


(r) 


Gas  Flow  (molecules/s) 
Gas  Density  (molecules/cc ) 


(43) 
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Figure  71.  0-j(v=l)  signal  level  piessure  variation  in  0;?/N2 

with  200/1200  seem  flow. 
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A-7543 

Figure  73.  Residence  tit,:  dependence  of  03(v-=l)  signal  in  l/4:02/Ar 
mixtures  at  oe  pressures. 


181 


I 


We  used  the  shroud  volume  of  approximately  2  x  10^  cc  in  these  calculations. 
Because  this  value  is  approximate,  the  absolute  residence  times  may  be  slightly 
different.  The  three  curves  in  Figure  71  represent  three  different  pressures. 
The  data  points  on  any  one  curve  are  obtained  by  changing  the  gas  flow, 
i'(sicm),  then  adjusting  the  gas  conductance  value  (coupling  the  shroud  volume 
and  the  I.ABCFPF.  diffusion  pump)  to  obtain  the  predetermined  pressure  for  that 
cut  ve.  These  results  allow  us  to  draw  thiee  conclusions.  First,  the  u^(v  1) 
signal  depends  rather  dramatically  on  residence  time,  i . e . ,  gas  flow  rate,  at 
constant  pressure.  Second,  the  power  dependence  of  the  signal  on  residence 
time  varies  with  pressure,  ranging  from  (Residence  Time)^-'  at  5  mtorr  to 
(Residence  Time)^-^  at  20  mtorr.  Third,  the  pressure  dependence,  i.e.,  any 
veitical  line  comparison  of  data  points,  varies  with  residence  time.  At  low 
pressure  there  appears  to  be  much  a  smaller  pressure  effect  than  at  higher 
pressures.  Note  the  residence  time  effect  can  he  significant,  less  than  ot 
equal  to  a  factor  of  100,  whereas  the  maximum  pressure  dependence  con  responds 
to  a bou t  a  factor  of  8. 

Unfortunately  this  coupling  of  prossute  and  residence  time  makes  it  impossible 
to  evaluate  a  single  signal  level  piessute  dependence.  Refeiting  hack  to 
Figures  71  and  72,  the  total  flow  of  gas  is  constant  in  each  figute  and  the 
ptessure  is  varied  by  changing  the  pump  conductance  value.  Since  lesidence 
time  is  proportional  to  the  ratio  of  pressure  to  flow  rate,  P/F,  and  since 
Figure  73  suggests  the  residence  time  power  dependence  of  1.1  to  1.7,  it 
becomes  unclear  whether  the  pressure  dependences  observed  in  Figures  71  and  72 
are  due  to  pure  pressure  effect,  pure  residence  time  effect,  or  a  convolution 
of  these  two. 

Flint  to  recognition  of  tire  strong  residence  time  effect,  we  collected  a  huge 
volume  of  time  dependent  data  leaving  the  conductance  valve  set  and  vaiying 
gas  flow  rates  to  effect  a  ptessure  variation,  and  observing  the  insulting 
signal  level  change.  Our  initial  intentions  weie  to  use  steady  state 
a i gumen t  s , 
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(44) 


and  the  observed  pressure  dependence  of  O3*  emission  with  the  pressure  depend¬ 
ence  of  the  total  loss  rate,  i.e.,  either  the  diffusion  limited  pressure 
dependence  of  1/p  at  low  pressure  or  the  dependence  at  high  pressure  due 

to  collisional  relaxation,  to  evaluate  the  pressure  dependence  of  the  produc¬ 
tion  rate  and  determine  conclusively  whether  the  mechanism  was  two  or  three 
body.  Figure  74  presents  the  total  population  derived  from  the  spectra] 
fitting  code  at  electron  beam  termination  for  1  rntorr  of  O2  and  a  variety  of 
At  pressures.  Only  a  slight  variation  with  At  pressure  is  observed.  To 
augment  the  analysis  we  normalized  these  data  points  to  expected  residence 
time  effect  by  dividing  the  sum  of  population  by  (P/F)n  where  n  ranged  from 
1.1  at  low  pressure  to  1.7  at  high  pressure.  Based  upon  out  earlier  observa 
tions,  there  was  no  reason  to  believe  tlris  would  provide  any  physical  insight. 
However  the  plot  of  normalized  data,  Figure  75,  shows  a  clear  trend.  Upon 
closer  inspection  we  noticed  that  the  P/F  factors  (proportional  to  residence 
time)  varied  from  0.037  to  0.081,  roughly  a  factor  of  2.2.  By  comparison  in 
Figures  71,  72,  and  73  the  residence  times  were  varied  by  an  order  of  magni¬ 
tude.  The  conclusion  being,  if  we  perform  experiments  in  a  narrow  range  of 
residence  times,  we  may  obtain  an  approximate  measure  of  the  pure  pressure 
dependence  of  the  steady  state  concentration  of  03*(v). 

The  sum  of  population  determined  by  the  spectral  fitting  code  is  dominated 
by  the  v=l  contribution.  To  ascertain  if  the  upper  vibrational  level  popula¬ 
tions  have  the  same  pressure  dependence,  we  replotted  the  excluding  v=l  (see 
Figure  76).  Within  the  data  scatter  we  believe  that  all  the  vibrational  levels 
possess  the  same  pressure  dependence. 

Figures  77,  78  and  79  present  this  same  analysis  for  1  rntorr  O2  over  range 
of  diluent  N2  pressures.  Within  scatter  of  the  data,  we  believe  that  all  the 
vibrational  levels  possess  a  pressure  dependence  of  p^  for  N2  buffer  gas  as 
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EXCITED  OZONE  (*3)  (M0LECULES/cm3) 


Figure  74.  Sum  of  population  of  O3*  from  spectral  synthetic  code  for 
1  mtorr  O2  in  varying  Ar  pressure. 
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Figure  76.  03*(v>2)  population  residence  time  normalized  versus 

Ar  pressure. 


X  POPULATION  (MOLECULES/CC) 
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Figure  77. 


PRESSURE  N2  (mtorr) 


Population  of  03*(v)  from  spectral  synthesis  code  for 
1  mtorr  O2  in  varying  N2  pressure. 
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Figure  78.  Residence  time  normalized  03*(v)  population  versus 
Nt  pressure. 


I  Pop/P/F)n 


well  once  normalization  by  residence  time  occurs.  For  most  pressures  of  N2, 
collisional  relaxation  of  03*(v)  clearly  dominates  the  loss  rate.  This  obser¬ 
vation  coupled  with  the  population  pressure  dependence  just  described  suggests 
a  production  mechanism  whose  overall  dependence  on  N2  buffer  gas  pressure  is 
linear.  Although  less  dramatically,  Ar  collisional  relaxation  also  dominates 
the  loss  rate  and  leads  to  the  conclusion  that  t lie  production  mechanism  depend¬ 
ence  on  Ar  buffer  gas  pressure  is  also  linear. 

Experiments  to  determine  the  [0^*(v)J  dependence  on  O2  pressure  were  performed 
with  0.15  to  5  mtorr  of  O2  diluted  in  35  to  37  mtorr  of  Ar  buffer  gas.  In 
this  case  the  total  pressure  and  total  flow  rates,  hence  residence  time  is  not 
changing  significantly.  Figures  80  and  81  present  the  O2  pressure  dependence 
of  the  [03*(v)J  at  electron  beam  termination.  Calculations  based  on  the 
collisional  relaxation  rate  constant  described  in  the  next  section  predicts 
that  at  0.2  mtorr  O2,  the  Ar  collisional  relaxation  rate  is  59  times  larger 
than  the  O2  rate.  At  1.2  mtorr  O2 ,  the  O2  collisional  relaxation  approaches 
10  percent  of  the  Ar  collisional  relaxation  rate.  Based  on  these  observations 
the  total  loss  rate  would  not  be  changing  significantly.  The  observed  roll¬ 
over  in  the  pressure  dependence  at  O2  pressures  between  1  and  2  mtorr,  how¬ 
ever,  indicates  that  a  relatively  complex  production  mechanism  is  occurring. 

The  temperature  dependence  of  the  03*(v=l)  emission  intensity  was  measured 
in  both  Ar  at  ~  39  mtorr  and  at  ~  10  mtorr,  and  in  N2  at  -  36  mtorr  and  at 
~  8.5  mtorr.  The  temperature  in  N2  ranged  from  104  to  153  K  and  in  Ar  from 
94  to  123  K.  The  log-log  plots  of  signal  versus  temperature  are  shown  in 
Figures  82  and  83.  In  Argon  the  temperature  dependences  at  high  and  low  pres¬ 
sure  agree  rather  well  giving  a  value  of  T-n  where  n=5.  In  N2  the  temperature 
dependence  at  high  and  low  pressure  differ  significantly,  i.e.,  T~n  where  n=4 
at  low  pressure  and  n=6  at  high  pressure.  Compared  to  the  T~^  dependence 
observed  for  the  three-body  recombination  reaction,  these  values  are  larger 
than  expected.  Data  obtained  in  COCHISE  at  a  variety  of  O2  mole  fractions 
gave  a  T~^.2  temperature  dependence.  Collisional  relaxation  processes  would 
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Figure  81.  Population  of  03*(v>2)  with  varying  amounts  of  O2 
in  37  mtorr  Ar. 
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processes  would  contribute  at  most  a  T^2  factor,  leaving  our  production 
temperature  dependence  significantly  larger  than  previously  observed.  Recent 
observations  of  the  role  of  wall  passivation  on  O3  fluorescence  intensities 
suggests  that  some  of  the  observed  reduction  at  higher  temperatures  can  be 
attributed  to  passivation  loss. 

The  spectral  synthesis  code  was  utilized  to  determine  03*(0,0,v)  vibrational 
distributions  at  electron  beam  termination.  Figures  84  presents  a  comparison 
of  these  distributions  with  COCHISE  observations  and  the  bright  arc  observed 
in  HIRIS  auroral  measurements.  The  COCHISE  data  at  higher  pressure  represents 
the  expectation  for  the  three-body  recombination  mechanism  and  matches  the 
distribution  obtained  from  SPIRE  measurements  of  the  quiescent  upper 
atmosphere.  In  general  our  measurements  and  the  HIRIS  aurora  measurements  are 
"colder"  than  that  obtained  from  a  three-body  recombination  mechanism. 

Figure  85  shows  that  Beam  Plasma  Discharge  can  substantially  alter  the 
vibrational  distribution.  This  is  not  a  contributing  factor  in  either  the 
high  pressure  (38  mtorr)  Ar  or  N2  data  of  Figure  84,  since  we  were  unable  to 
sustain  a  BPD  above  15  mtorr  total  pressure.  However,  this  effective  secondary 
electron  heating  may  contribute  to  the  fact  that  the  aurora  data  is  hotter  than 
the  38  mtorr  N2  LABCEDE  measurements. 

Peculiar  to  all  these  O3*  observations  was  the  fact  that  even  though  the 
fluorescence  intensity  was  synchronous  with  the  electron  beam  pulse,  the 
initial  signal  intensity  approached  a  steady  state  value  very  slowly.  The 
rise/fall  time  of  both  the  C>3*(v)  at  9.65  pm  and  01  at  2.89  pm  upon  addition 
or  shutoff  of  O2  gas  flow  were  measured.  The  CVF  was  operated  in  a  hybrid 
mode  where  the  signal  level  to  the  PDP/11  computer  was  temporally  resolved  but 
not  spectrally  resolved.  Experiments  presented  in  Figures  86  through  89  were 
performed  with  a  21  ms  wide  electron  beam  pulse  at  a  pulse  repetition  rate  of 
37  Hz.  Time  constants,  Tc,  were  calculated  based  on  the  time  for  the  signal 
level  to  change  one  e-fold,  i.e.,  a  drop  of  63  percent  from  the  steady  state 
value  or  the  time  to  rise  to  63  percent  of  the  steady  state  value.  The  data 
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Figure  84.  Ozone  vibrational  distributions  at  beam  termination 

03*  (0,0, V). 


Figure  85.  Beam  termination  vibrational  distributions  of  O3* 
(0,0, v)  wi th/wi thout  BPD. 
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is  plotted  without  regard  to  gas  residence  time  in  the  tank.  The  rise  time 
data,  Figures  86  and  87,  shows  a  dramatic  difference  in  time  for  observation 
of  the  01  emission  and  O3*  emission  upon  initiating  the  .O2  flow.  The  Tc  -  2s 
for  observation  of  01  emission  is  attributed  to  the  flow  time  from  the  mass 
flow  control  valve  to  the  point  of  interaction  with  the  electron  beam.  The 
time  constant  for  observation  of  03*(v=l)  emission,  Tc  ~  15s,  can  only  be 
attributed  to  the  slow  buildup  of  a  long-lived  metastable  species  involved  in 
the  formation  of  O3*  .  Figures  88  and  89  do  not  show  time  separations  for  decay 
of  01  and  O3*  emission.  Note  that  these  decay  time  constants  are  consistent 
with  our  residence  time  values  presented  earlier,  and  thus  gas  residence  in 
the  tank  control  the  03,  0  and  O3  removal  rates. 

9 . 3  MECHANISMS 

The  experimental  observations  permit  some  preliminary  speculation  about  the 
observed  O3*  production  processes.  Three  body  processes  such  as 

0  +  O2  +  M  -»  O3*  +  M  (37) 

are  unable  to  produce  sufficient  O3  to  explain  the  observed  intensity  levels. 
Moreover  the  vibrational  distributions  created  by  these  processes  has  been 
measured  previously  in  the  COCHISE  facili ty . 138, 139  They  not  resemble  the 
distribution  in  LABCEDE.  Radiative  association 

0  +  02  +  02*  ->  03*(v)  +  hv  (45) 

would  have  to  occur  with  a  rate  coefficient  of  10'!^  -  10”^  cm^  molecule'!  s'! 
to  produce  the  observed  levels,  yet  the  most  rapid  radiative  association  rates 
measured  are  an  order  of  magnitude  slower.  The  ozone  appears  to  require  the 
build  up  of  a  long  lived  state  since  the  fluorescence  signal  does  not  reach  a 
steady  state  value  until  after  many  beam  pulses.  However,  the  observed  fluo¬ 
rescence  time  history  is  synchronous  with  the  electron  beam.  This  suggests 
processes  sucli  as 


199 


where  Oo**  is  a  long  lived  metastable  and  O2*  can  be  a  very  reactive  state. 
Tbermochemistry  demands  that  the  total  internal  energy  of  the  reactants  be  at 
least  4  eV  (in  addition  to  the  energy  of  any  barrier  in  the  reaction  channel). 
Thus  at  least  one  of  the  regents  would  have  to  be  in  the  C^-E,  A-^E,  or  A'^A 
states.  The  other  reaction  partner  could  then  be  any  bound  O2  state  including 
v i bra t ional ly  excited  ground  state.  However,  we  must  use  future  experiments 
to  determine  that  the  walls  do  not  play  a  significant  role  in  the  O2**  produc¬ 
tion  or  even  produce  O3  directly.  In  that  case 

O3  +  e  O3*  +  e  (47) 

would  provide  the  beam  synchronous  fluorescence  signal.  Our  rough  modeling 
indicates  that  for  process  (47)  to  explain  the  observed  intensity  levels: 

1)  ozone  is  produced  efficiently  at  the  walls,  nearly  every  oxygen  atom  pro¬ 
duced  by  the  beam  eventually  is  transformed  into  O3;  2)  ozone  leaves  the  walls 
upon  formation  and  can  return  to  t lie  beam  irradiated  volume;  and  3)  O3*  is 
efficiently  produced  upon  electron  impact  of  O3,  dissociation  is  not  a  major 
process.  All  these  criteria  must  be  met. 

Although  process  (47)  appears  unlikely  we  will  direct  future  experiments  to 
quantitatively  address  the  role  of  the  walls  on  ozone  formation  either  by  O3 
or  O2**  production.  These  experiments  will  observe  fluorescence  levels  as  a 
function  of  gas  residence  time  and  flow  rates,  electron  irradiation  time,  level 
and  duty  cycle.  Obviously  an  active  O3  monitor  would  permit  total  ozone  pro¬ 
duction  to  be  measured  and  related  to  the  excited  fraction,  O3*.  Time-resolved 
infrared  laser  based  diagnostics  may  need  to  be  implemented  in  order  to  unravel 
the  details  of  the  production  process. 


9.4  CONCLUSIONS 

To  summatize,  we  observe  significantly  mote  ozone  fluorescence  intensity  than 
can  be  attributed  to  the  three-  body  recombination  process;  the  steady  state 
vibiational  distribution  of  03*(v)  more  closely  matches  that  observed  in 
aurora  measurements  than  that  obtained  from  the  three-body  recombination 
mechanism;  a  steep  temperature  dependence  of  the  fluorescence  intensity  is 
observed  in  Ar  and  in  Nt •  Botli  scalings  aie  larger  than  the  T  3-2  dependence 
obsei ved  for  thiee-body  recombination.  All  of  these  observations  suggest  the 
i ecombi nat ion  mechanism  is  at  best  a  minor  contribution  to  the  production  of 
0}*(v)  in  the  LABCEDE  tank.  Further  observations  including:  1)  a  30s  rise 
time;  2)  a  quadratic  buffer  gas  pressure  dependence  for  N2»Ar;  3)  pn  where 
0.5  <  n  <  1  for  Op  gas;  and  4)  a  pressure  dependent  residence  time  xn  where 
1.1  <  n  <  1.7,  of  the  fluorescence  intensity  suggesting  a  complex  production 
median  i  sm . 


10.  OZONE  VIBRATIONAL  RELAXATION  MEASUREMENTS 


While  performing  the  pressure  dependence  studies  of  03*(v)  fluorescence 
intensity,  we  acquired  a  large  data  base  of  time  dependent  spectra.  Nominally, 
40  spectra  were  obtained  at  6  ms  time  intervals  for  each  of  five  or  six  pres 
sure  settings  of  O2,  N2,  Ar.  In  addition,  data  sets  were  often  repeated  to 
check  experimental  reproducibility,  to  check  for  B-field  effects,  etc.  Upon 
review,  in  excess  of  3000  spectra  of  03*(v)  were  obtained.  Spectral  fitting 
was  performed  on  approximately  two-thirds  of  these  spectra  to  obtain  time 
dependent  vibrational  level  population  distributions.  Figure  90  shows  an 
example  of  the  population  time  histories  determined  from  the  spectral  fitting 
code.  These  temporal  histories  of  03*(v)  may  be  interpreted  in  terms  of 
quenching  by  the  reactant  gases.  For  the  case  of  O2/N2  gas  mixtures,  the 
total  quenching  rate  for  each  level  v,  Rv,  may  be  written  as  a  sum  of  these 
processes 
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where  M  represents  the  quenching  partner  (i.e.,  N2,  O2,  0),  k^(v)  is  the  rate 
coefficient  for  single  quantum  vibrational  relaxation  of  03*(v->v-l),  Av^v_j  is 
the  Einstein  coefficient  for  the  single  quantum  relaxation  of  (>3*(v)  and  Rpiff 
is  the  net  rate  of  loss  of  03*(v)  out  of  the  field  of  view  of  the  CVF.  Roiff 
is  normally  negligible  at  high  pressure  with  Eq.  48  being  dominated  by  the 
quenching  terms.  At  low  pressure  it  will  be  important  for  long  lived  species, 
but  have  no  significant  variation  with  vibrational  level. 


Changes  in  the  observed  population  of  a  vibrational  level  as  a  function  of 
time  is  a  balance  between  feed  via  relaxation  of  the  level  above  and  losses  by 
relaxation  into  the  next  lower  level. 
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The  master  equations  which  describe  the  time  rate  of  change  of  the  coupled 
vibrational  populations  may  then  be  written: 
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where  n  represents  the  most  highly  excited  vibrational  level  and  nm  is  the 
relative  population  of  vibrational  level  m.  Determination  of  the  Rm  values  is 
complicated  by  the  numerical  inaccuracies,  introduced  upon  evaluating  the 
slopes  dnm/dt  of  the  experimental  data.  A  time  integrated  approach,  developed 
previously  for  CO  and  NO  relaxation  measurements.^^  improves  the  accuracy  of 
the  deduced  values  of  Rm.  Integrating  F,q .  (49)  over  all  times  between  tj  and 
1 2  *  we  obtain 

^m  =  nm(tl)  -  nm( ^2 )  =  ^m+1  am+l  ~  ^mam  >  (50) 

where 

*2 

a  =  J  n  d  t  .  (51) 

m  m 
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This  integral  form  of  the  master  equations  is  particularly  useful  in  that  it 
not  only  eliminates  the  need  for  derivative  values  but  also  allows  deter¬ 
mination  of  the  best  value  of  Rin  over  a  specified  time  interval,  effectively 
Hireling  random  fluctuations  in  the  population  histories  introduced  in  the 
olive  fitting  process.  Rearranging  Eq .  (50)  permits  direct  specification  of 
the  rates  Rm  in  terms  of  measured  quantities 
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The  deactivation  rates  Rm  have  been  deduced  from  the  measured  vibrational 
population  histories  (such  as  shown  in  Figure  90)  through  use  of  Eq .  (52). 

The  populations  were  typically  integrated  over  100  ms,  starting  just  after 
beam  termination  (populations  were  measured  at  6  ms  intervals).  Variation  of 
the  time  interval  chosen  for  integration  has  only  a  small  effect  on  the 
deduced  rates.  The  populations  of  the  highest  vibrational  levels  tend  to  be 
the  least  accurately  determined;  primarily  because  the  rapid  relaxation  out  of 
these  levels  causes  the  populations  at  all  times  to  decrease  with  increasing  v 
(see  Figure  90),  thus  resulting  in  signal - to-noise  limitations  being  more 
important  for  the  higher  levels.  Accordingly,  the  rates  could  generally  be 
evaluated  for  only  the  lowest  three  vibrational  levels  even  though  emission 
f i om  five  levels  was  observed  under  the  best  conditions.  It  was  found  that 
inclusion  of  the  more  poorly  determined  populations  in  the  analysis  produced 
only  5  to  10  percent  changes  from  the  rate  values  determined  without  the  high 
v  data.  The  aim  of  the  analysis  is  not  to  deduce  the  rates  Rm  but  to  separate 
the  effects  of  the  competing  relaxation  process  [the  different  terms  in 
Eq .  (48)  |  .  Figure  91  shows  the  typical  level  of  agreement  that  was  obtained 
between  the  kinetic  model  and  population  time  histories. 

The  second  step  of  the  data  interpretation  is  to  subject  the  total  relaxation 
lates  from  the  different  experiments  with  varying  pressures  of  one  of  the 
components  of  the  gas  mixture  to  a  Stern-Volmer  type  analysis.  Figure  92  shows 
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re  91.  Comparison  of  relaxation  rates  using  single  quantum  vibrational 
and  radiative  model  for  a  35  mtorr  Ar/1  mtorr  O2  mixture. 


PRESSURE  Ar  (mtorr) 

A- 7  VW 

Figure  92.  Stern-Volmer  plot  of  C>3*(v=l)  in  1  mtorr  O2  and 
varying  Ar  pressure. 
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the  Stern  Volrner  plot  of  total  decay  rate  versus  pressure  of  Ar  buffer  gas  for 
0}*(v-l)  while  maintaining  a  1  mtorr  O2  pressure.  The  rise  in  total  decay 
late  below  15. 0  mtorr  Ar  is  evidence  of  diffusive  losses  of  C>3*(v=l)  from  the 
( ' V F  field  of  view. 

A  careful  mapping  of  the  field  of  view  was  not  undertaken.  Without  this 
information,  and  given  the  complex  geometric  coupling  of  the  field  of  view  and 
cylindrical  electron  beam  volumes,  an  accurate  determination  of  the  diffusion 
loss  rate  is  nearly  impossible.  However  to  determine  whether  this  careful 
mapping  would  he  warranted  in  future  more  accurate  measurements,  we  applied  a 
crude  correction  to  calculate  the  effective  diffusive  loss  rate  via  a  simple 
gas  kinetic  formula  and  optimize  the  size  of  the  field  of  view  to  obtain  an 
Stern-Volmer  plot  intercept  which  matches  the  best  available  data  for  the 
F.instein  coefficient  of  03*(v  =  l  *v^0) .  We  used 

RDiff  -  Xv/3r2  (53) 


where  X  is  the  mean  free  path,  v  is  the  thermal  velocity  at  ~  90  K,  and  r  the 
field  of  view  radius  at  the  electron  beam  plane.  To  optimize  the  data,  we 
utilized  the  best  signal  to  noise  data  for  both  N2,  Ar  buffer  gas  and  the 
(>3*(v=l)  decay  rate  since  the  A3  radiative  rate  is  the  most  agreed  upon  value. 
However,  the  Stern-Volmer  intercept  in  our  case  represents  the  sum  of:  A3, 
the  contribution  of  k^  [ O2 1 ,  and  [ M  ]  where  m  may  be  any  species  other  than 
the  buffet  gas  molecule  whose  pressure  variation  is  mapped  out  in  the  Stern- 
Volmer  analysis.  From  later  measurements,  k  [ O2  ]  represents  less  than  a 

2 

10  per  cent  increase  in  the  intercept  compared 'to  A3.  To  account  for  these 
con t 1 i bu t ions,  an  intercept  of  12  s-^  was  decided  upon.  Using  these  assump¬ 
tions  we  obtained  an  effective  radius  of  the  field  of  view  of  13.7  cm.  From 
the  diffusion  corrected  Stern-Volmer  plot  in  Figure  93,  we  see  that  the  high 
pressure  data  is  affected  by  less  than  5  percent  but  the  low  pressure  has  been 
forced  to  fit  the  intercept  criteria.  The  slope  of  this  line,  albeit  somewhat 
uncertain,  corresponds  to  a  quenching  rate  coefficient. 
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PRESSURE  Ar  (mtorr) 


A-7  3f)7 


Figure  93.  Diffusion  corrected  Stern-Volmer  plot  of  ( ) 3 * ( v - 1  )  in 
1  mtorr  O2  and  varying  Ar  pressure. 

For  O2/N2  mixtures  a  range  of  O2  pressures  from  0.5  to  2  mtorr  were  used.  A 

Stern-Volmer  plot  for  all  these  mixtures  is  shown  in  Figure  94.  The  data  is 

crudely  corrected  for  diffusive  losses  as  described  previously.  Part  of  the 

data  scatter  at  lower  pressure  is  attributed  to  the  range  of  k  | O2 1  conti  ilni 

2 

tion  at  different  O2  partial  pressures.  The  intercept  for  v=l  is  in  reason 
able  agreement  with  the  literature.  Clearly,  O2/N2  mixtures  requite  f  11 1  t  ho 1 
investigation  in  future  measui cments . 
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PRESSURE  N2  (mtorr) 


A- 7  361 


Figure  94.  Stern-Volmer  plot  of  0}*(v=l)  for  all  O2/N2  mixtures. 

Measurements  of  0^*(v)  vibtational  relaxation  by  O2  were  performed  in  a 
diffeient  fashion.  In  this  case  a  partial  pressure  of  Ar  was  maintained  at 
hi  mtorr  and  the  (>2  partial  pressure  was  varied  between  0.2  and  5  mtorr. 
Diffusional  corrections  are  less  important.  Figure  95  presents  the  Stern 
Volrnei  plot  of  O2/A1'  mixtures  with  30  mtorr  Ar  for  03*(v=l).  The  k^r(ArJ 
'ontribution  to  the  intercept  is  about  11  s  ^  suggesting  a  A3  of  9.5  s-^, 
about  K>  percent  below  the  literature  values.  Figure  96  presents  the  Stern 
Volmei  plot  of  •>3*(v-2).  The  k^l-[Ar]  contribution  to  the  intercept  is 


~  39  s_1,  which  implies  a  A2  value  of  4  s~l.  This  is  significantly  lower  than 
the  expected  value  of  ~  19  s”l.  This  gives  an  estimate  of  the  error  in  the 
intercept  for  v-7  data. 

In  summary,  this  preliminary  data  review  indicates  that  time  resolved 
fluorescence  from  O3*  at  10  pm  can  be  analyzed  to  extract  level-dependent 
quenching  rate  coefficients  tor  relaxation  of  03\>3(v=l ,  2 , 3)  by  Ar,  N2  and  03/0 
partners.  Moreover  once  diffusional  losses  are  more  accurately  modeled,  the 
low  pressure  data  may  be  used  to  extract  radiative  decay  rates  Av_>v_3.  To  our 
knowledge  this  would  be  the  first  experimental  measurement  of  these  values  in 
emission. 
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11.  F.XCEDE  DATA  ANALYSIS 


11.1  INTRODUCTION 

The  EXCF.DE :  Spec  t  ra  1  mission  was  an  auroral  simulation  experiment  launched  from 
Poker  Flat,  Alaska  on  19  October  1979  into  the  amorally  inactive  night  time 
atmosphere.  The  scientific  purpose  of  the  F.XCEDE  experiment  was  to  invest 
igate  the  detailed  production  and  loss  processes  of  various  excited  and 
vibrational  states  that  result  in  optical  and  inflated  emission  as  energetic 
electrons  interact  with  the  atmosphere.  A  thorough  description  of  the  mission 
and  the  current  status  of  the  data  analysis  is  presented  elsewhere.  Only 

those  mission  aspects  relevant  to  these  investigations  will  be  discussed  here. 

At  approximately  155  km  on  t lie  upleg  the  four  electron  guns  were  initiated 
(7  to  8  amps  each  at  3  kV)  and  the  electron  deposition  region  was  observed 
by  several  spectrometers  and  photometers.  Electron  deposition  and  data  collec¬ 
tion  continued  to  70  km  on  the  downleg.  The  data  channels  of  interest  to  this 
study  are  those  principally  from  the  LNy  CVF  spectrometer  which  obtained  data 
ovcl  the  2.07  to  5.28  pm  region  and  the  l.He  CVF  spectrometer  which  obtained 
data  over  the  4.04  to  6.74  and  13.05  to  27.43  pm  regions.  The  13.05  to 
77.4  3  pm  data  has  been  analyzed  elsewhere^^  149  aiu|  will  not  he  considered 
here.  Although  not  a  major  focus  of  these  investigations,  we  have  also 
examined  some  UV,  Vis,  and  IR  interferometer  data  in  order  to  assist  in  the 
interpretation  of  the  CVF  data. 

Two  sample  spectra  from  the  LN2  and  I, He  CVF  spectrometers  are  shown  in 
Figures  97  and  98.  The  goals  of  this  research  effort  were  to  identify  the 
major  and  minor  radiators  in  these  spectra  and  determine  their  relative  vibra¬ 
tional  distributions  and  altitude  dependences.  Determination  of  absolute 
number  densities  are  not  possible  owing  to  the  variability  in  the  electron 
deposition  region,  however,  relative  number  densities  have  been  obtained. 
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RADIANCE  (MR/um) 
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Figure  97.  EXCEDE  SWIR/MWIR  spectral  scan  at  294.9s  after  launch 


EXCEOE  MWIR/LWIR  SPECTRAL  SCAN  AT  282s  AFTER  LAUNCH  AT  ALTITUDE  86.8  km 

A-62U9 

Figure  98.  EXCEDE  MWIR/LWIR  spectral  scan  at  282s  after  launch 
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RADIANCE  (MR/urn) 


Several  of  the  features  in  Figures  97  and  98  are  well-known  auroral  emissions. 
For  example,  the  intense  feature  at  4.3  um  in  both  figures  is  the  CO2V3 
emission  and  the  feature  at  5.4  pm  in  Figure  98  is  probably  NO  fundamental 
emission  arising  from  the  reaction  of  N(^D)  4-  O2  •  These  emissions  have  been 
previously  identified  in  the  HIRIS  mission^-’*-1*  and  the  NO  fundamentals  have 
been  extensively  studied  with  the  COCHISF.  apparatus.  1-^2  These  are  the  only 
spectroscopic  features  which  were  unambiguously  identified  prior  to  start  of 
the  current  analysis.  Several  other  band  systems  were  suspected,  however, 
including  the  N2(U-^A  ->  N2(a^n  -»  a'l£),  and  H2O  vibrational  emission  which 

are  known  to  radiate  in  the  2  to  4  pm  spectral  range.  Emission  from  H2O  was 
suggested  owing  to  the  high  column  densities  of  water  (<  10^  cm"^)  known  to 
have  outgassed  from  the  vehicle  during  the  course  of  the  mission. Unambigu¬ 
ous  identification  of  these  band  systems  and  determination  of  their  vibrational 
distributions  had  not  yet  been  performed  and,  therefore,  were  the  principal 
goals  of  these  studies. 

11.2  DATA  HANDLING 

In  order  to  obtain  the  data  files  in  usable  form  (i.e.,  as  digitized  files 
on  the  PSI  Microvax  computer  system)  we  were  presented  with  two  alternatives 
digitize  hard  copies  of  the  files  by  hand  or  attempt  to  read  the  tapes.  Since 
the  total  number  of  files  used  in  these  studies  was  low  (<  50),  the  former 
method  was  chosen.  Digitization  was  performed  with  a  digitizing  board  and  pen 
which  were  controlled  by  software  on  an  IBM  PC.  For  the  CVF  data  700  data 
points  (15  digitized  points  per  600A  resolution  element)  were  taken  for  each 
spectrum.  The  digitization  procedure  typically  required  less  than  0.5  hr  per 
data  file.  The  resulting  x,y  data  pairs  were  then  stored  on  floppy  disk  and 
downloaded  to  the  Microvax  for  further  treatment.  Software  was  written  on  the 
Vax  which  then  performed  the  following  operations:  1)  all  the  data  points  were 
first  passed  through  a  simple  filter  which  discarded  spurious  points;  2)  an 
interpolation  routine  was  passed  over  the  remaining  array  to  provide  a  uniform 
point  spacing  (typically,  40A  was  used)  and  3)  the  resulting  file  was  then 
written  out  in  a  format  compatible  with  our  spectral  analysis  routines  and 
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stored.  Once  digitization  was  complete,  each  finished  file  was  compared  to 
the  original  hard  copy  to  check  for  errors. 

A  summary  of  the  digitized  data  is  presented  in  Tables  18  through  21. 

Table  18  lists  the  2.07  to  5.4  um  (SWIR)  spectra;  Table  19  the  4  to  6.8  pm 
(MUIR)  spectra;  Table  20  the  merged  SWIR  and  MUIR  spectra;  and  Table  21  the  UV 
and  visible  spectrometer  data  files.  Two  samples  of  the  digitized  files  are 
shown  in  Figures  99  and  100.  They  are  the  same  files  as  in  Figures  97  and  98 
but  are  shown  with  a  linear  intensity  scale.  Since  several  of  the  SWIR  and 
MUIR  spectra  corresponded  closely  in  time,  they  were  merged  by  normalizing 
using  the  intensities  of  the  CO2M3  feature.  These  files  are  listed  in 
Table  20.  The  parameters  also  shown  in  these  tables,  where  relevant,  include 
altitude,  time  after  launch,  the  identities  of  the  operating  electron  guns, 
and  the  intensity  of  the  CO2V3  emission  in  Megarayleighs .  The  identities  of 
operating  guns  shown  in  Tables  18  and  19  were  taken  from  the  compilation  in 
Grieder  and  Foley. 1^3 

The  extent  of  the  electron  deposition  changed  dramatically  with  altitude.^7 
Therefore,  in  order  to  compare  data  from  different  altitudes,  some  normaliza 
tion  is  required.  This  was  performed  using  the  photometer  intensities  shown 
in  Table  27  for  each  digitized  SWIR  scan.  Predominantly,  L4 ,  the  photometer 
operating  at  558lA,  was  used.  This  radiometer  observed  emission  from  0(^S) 
features.  This  system  was  chosen  as  it  is  formed  by  similar  processes  and 
electron  energies  as  the  neutral  band  systems  examined  here. 

11.2.1  Spectral  Fitting 

The  spectral  analysis  technique  used  for  these  studies  has  also  been  success¬ 
fully  applied  to  the  analysis  of  NOfA^E).^  ^  electronic  emission^®  includ¬ 
ing  W3A->B^II  emission,  ^26  an(j  1 F ( B ^ TTq^. ) .  1^4  The  synthetic  spectra  are 
generated  by  a  computer  code  based  upon  the  work  of  Kovacs^  and  implemented 
through  major  modification  of  a  program  written  by  Whiting,  et  al. 1^,17, 155 
The  program  considers  singlet-singlet,  doublet-doublet,  and  triplet-triplet 


215 


TABLE  18.  Digitized  SWIR  scans. 


Scan  No. 

TAL  (s) 

Alt  (km) 

Channel 

Gun  (s) 

— 

I ( CO 2 ) ,  MR  | 

213 

143.0 

119.2 

High  gain 

4 

18.9 

247 

159.6 

124.8 

High  gain 

4 

9.8 

249 

160.5 

125.1 

High  gain 

4 

10.0 

250 

161.0 

125.2 

High  gain 

4 

10.0 

319 

195.1 

128.3 

High  gain 

4 

4.0 

417 

243.2 

114.1 

High  gain 

4 

13.3 

425 

247.0 

112.0 

High  gain 

4 

5.3 

430 

249.5 

110.6 

High  gain 

4 

6.6 

454 

261.1 

103.3 

Low  gain 

3,4 

133.0 

461 

264.4 

100.9 

Lou  gain 

3 

213.0 

464 

265.9 

99.8 

Low  gain 

3 

188.0 

488 

277.5 

90.7 

Low  gain 

3,4 

1868.0 

490 

278.5 

89.8 

Low  gain 

1,3,4 

1740.0 

496 

281.4 

87.3 

Low  gain 

1,4 

1580.0 

508 

287.2 

82.1 

Low  gain 

1 

1653.0 

512 

289.1 

80.2 

Low  gain 

1 

1640.0 

513 

289.6 

79.8 

Low  gain 

1 

- 

514 

290.1 

79.3 

Low  gain 

1 

1520.0 

521 

293.5 

76.0 

Low  gain 

1,3 

3784.0 

523 

294.4 

75.0 

High  gain 

3 

- 

524 

294.9 

74.6 

Low  gain 

3 

1887.0 

524 

294.9 

74.6 

High  gain 

3 

- 

525 

295.4 

74.1 

Low  gain 

3 

3243.0 

525 

295.4 

74.1 

High  gain 

3 

- 

526 

295.8 

73.6 

High  gain 

3 

- 

Observed  intensity  ratio: 

high  gain/low  gain  =  0 

i.80 
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TABLE  19.  Digitized  MWIR  scans. 


Scan  No. 

TAL  (s) 

Alt  (km) 

Guns 

1195 

276.0 

92.0 

3,4 

1196 

277.2 

91.0 

3,4 

1197 

278.4 

90.0 

1,3,4 

1200 

282.0 

86.8 

1,4 

1202 

284.4 

84.6 

1,3 

1204 

286.8 

82.4 

1 

1205 

288.0 

81.3 

1 

1206 

289.2 

80.2 

1 

1209 

292.8 

76.6 

1 

1210 

294.0 

75.4 

1,3 

1211 

295.3 

74.2 

3 

TABLE  20.  Merged  SWIR/MWIR  scans. 


SWIR  Scan 

Alt  (km) 

MVIR  Scan 

Alt  (km) 

524 

74.6 

1211 

74.2 

512 

80.2 

1206 

490 

88.8 

1197 

90.0 

TABLE  21.  UV  and  visible  interferometer  scans. 


UV  or  VIS 

Scan  No. 

TAL  (s) 

Alt  (km) 

— 

149 

290 

79.0 

116 

230 

120.0 

47 

196 

128.3 

wsM 

73 

296 

74.0 
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gure  99.  Digitized  SUIR  scan  524  with  linear  intensity  scale. 


Figure  100.  Digitized  MWIR  scan  1200  with  linear  intensity  scale. 
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TABLE  22.  EXCEDE  SWIR  photometer  data. 


Scan 

No. 

TAL 

A1 1 

Channel 

Guns 

2°  Field 
of  View 

LI  I  (MR) 

3913A 

4°  x  4° 

L2  I  (MR) 

39 1 2  A 

L4 

I  (MR) 

358lA 

L7  I  (MR) 

5579A 

213 

143.0 

119.2 

H.G. 

4 

1 

X 

101 

5 

X 

10° 

3 

X 

10-1 

3.2 

X 

IO-1 

247 

.159.6 

124.8 

H.G. 

4 

7 

X 

10° 

3 

X 

10° 

1.9 

X 

10-1 

1.9 

X 

IO-1 

249 

160.5 

125.1 

H.G. 

4 

7 

X 

10° 

3 

X 

10° 

1.9 

X 

10-1 

1.9 

X 

IO"1 

250 

161.0 

125.2 

H.G. 

4 

7 

X 

10° 

3 

X 

10° 

1.9 

X 

10"1 

1.9 

X 

IO"1 

319 

19.51 

128.3 

H.G. 

4 

4.5 

X 

10° 

2 

X 

10° 

1.2 

X 

io-1 

1 

X 

IO"1 

417 

243.2 

114.1 

H.G. 

4 

5.5 

X 

10° 

2.8 

X 

10° 

1.5 

X 

io-1 

1.4 

X 

io-1 

425 

247.0 

112.0 

H.G. 

4 

5.5 

X 

10° 

2.8 

X 

o 

o 

1.5 

X 

io-1 

1.5 

X 

io-1 

430 

249.5 

110.6 

H.G. 

4 

5.5 

X 

10° 

2.8 

X 

10° 

1.7 

X 

IO"1 

1.6 

X 

io-1 

454 

261.1 

103.3 

L.G. 

3,4 

2.3 

X 

101 

1 

X 

ioi 

7.5 

X 

io-1 

7.5 

X 

10"1 

461 

264.4 

100.9 

L.G. 

3 

3 

X 

101 

1.5 

X 

101 

1 

X 

10° 

9 

X 

10"1 

464 

265.9 

99.8 

L.G. 

3 

3 

X 

101 

1.5 

X 

ioi 

1 

X 

10° 

9 

X 

io-1 

488 

277.5 

90.7 

1 

3,4 

1 

X 

102 

4.2 

X 

101 

2.2 

X 

10° 

2 

X 

10° 

490 

278.5 

89.8 

1,3,4 

2.5 

X 

102 

1.3 

X 

102 

6 

X 

10° 

5.5 

X 

10° 

496 

281.4 

87.3 

1,4 

2 

X 

102 

1 

X 

102 

4 

X 

10° 

3.5 

X 

10° 

508 

287.2 

82.1 

1 

1.6 

X 

102 

8 

X 

101 

3.5 

X 

10° 

3 

X 

10° 

512 

289.1 

80.2 

L.G. 

1 

1.6 

X 

102 

8 

X 

101 

3.5 

X 

10° 

3 

X 

10° 

513 

298.6 

79.8 

L.G. 

1 

1.6 

X 

102 

8 

X 

101 

3.5 

X 

10° 

3 

X 

10° 

514 

290.1 

79.3 

1 

1.6 

X 

102 

8 

X 

101 

3.5 

X 

10° 

3 

X 

10° 

521 

293.5 

76.0 

1,3 

4.1 

X 

102 

3 

X 

102 

1.2 

X 

IO1 

1.2 

X 

IO1 

523 

294.4 

75.0 

H.G. 

3 

2.3 

X 

102 

1.4 

X 

102 

4.2 

X 

10° 

3.5 

X 

10° 

524 

294.9 

74.6 

L.G. 

3 

2.1 

X 

102 

1.2 

X 

102 

3.8 

X 

10° 
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dipole  transitions  for  diatomic  molecules  in  the  optically  thin  limit.  Line- 
by-line  transition  frequencies  are  computed  from  energy  eigenvalues  determined 
b'  exact  solution  of  the  Schrodinger  equation,  where  the  matrix  elements  of 
tne  upper  and  lower  state  Hamiltonians  are  specified  from  tabulated  spectro¬ 
scopic  constants.  Following  well-established  procedures , 156  the  eigen¬ 
functions  of  the  states  are  described  as  linear  combinations  of  eigenfunctions 
of  hypothetically  pure  Hund's  case  (a)  eigenstates.  The  transition  amplitudes 
are  given  by  the  transformation  of  the  dipole  moment  function  between  the 
upper  and  lower  states. 156  The  computed  infinite  resolution  emission  spec¬ 
trum  is  convolved  with  the  instrument  scan  function  to  create  basis  sets  for 
each  vibrational  level  which  are  then  fit  to  the  experimental  spectrum  using  a 
linear  least  squares  method.  The  fitting  procedure  yields  a  determination  of 
the  product  of  the  upper  state  number  density  and  the  spontaneous  emission 
coefficient  of  the  transition.  Rotational  distributions  are  treated  by  simple 
Boltzmann  expressions,  so  that  band-integrated  vibrational  state  number  densi¬ 
ties  and  transition  probabilities  may  be  used. 

Lambda  doubling,  which  is  on  the  order  of  1  cm-*  for  the  system, 157  is 

not  treated  in  this  analysis.  Despite  the  complexities  of  the  systems  to  which 
this  code  has  been  applied,  comparison  of  the  line  positions  of  synthesized 
spectra  (in  this  case  the  2,0  W^A^B^II  feature)126  to  high  resolution  data^-^ 
indicates  the  principal  lines  are  reproduced  to  generally  within  1  cm-l.  The 
agreement  determined  for  the  singlet  systems  such  as  w^A-^a^II  is  excellent, 

<0.1  cm-l.  Since  the  CVF  data  examined  here  exhibit  a  resolution  of  ~  600A 
( ~  60  cm~l)  at  3  pm,  deficiencies  in  the  spectral  synthesis  program  on  the 
order  of  1  cm--*-  or  less  are  too  small  to  be  observed. 

Most  of  the  spectroscopic  data  has  been  drawn  from  Huber  and  Herzberg^^  or 
Lofthus  and  Krupenie.^  Data  from  Rouxl58  et  al.  has  been  used  for  the  w^A 
state  of  N2»  and  Cernyl59  et  al.  for  W^A  and  Effantin^O  for  B^n.  The  Einstein 
coefficients  used  for  the  triplet  states  of  nitrogen  are  those  determined  by 

Werner-^  et  al. 
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In  order  to  fit  the  data,  the  synthetic  spectra  must  be  convolved  with  the 
experimental  slit  function.  Post  flight  calibration  of  the  EXCEDE  spectrom¬ 
eters  was  precluded  due  to  the  loss  of  the  payload.  Therefore,  the  nature  of 
the  CVF  slit  function  is  not  absolutely  known.  In  order  to  fit  the  data,  the 
slit  function  of  an  analogous  instrument,  that  of  SPIRE, 1^1  was  used.  This 

slit  function  is  a  skewed  Gaussian  with  a  full  width  at  half  maximum  2  percent 

of  the  wavelength  center.  This  slit  function  was  incorporated  into  our  spec¬ 
tral  fitting  routines  for  use  with  EXCEDE  data.  Shown  in  Figures  101a  and  b 

are  simulated  atomic  lines  at  3  and  6  um,  respectively,  convolved  with  the 

skewed  Gaussian  slit  function.  Close  inspection  of  this  slit  function  indi¬ 
cates  there  to  be  only  small  differences  to  a  Gaussian  slit  function  with  FWHM 
of  2  percent.  This  function  is  shown  for  comparison  in  Figures  102a  and  b. 
Most  of  the  data  has  been  fit  to  basis  functions  incorporating  the  skewed 
Gaussian  slit  function,  but  some  have  utilized  the  simpler  Gaussian  function. 

11.2.2  Background  Cor rec t ion 

All  of  the  SWIR  (2.1  to  5.4  pm)  files  exhibit  an  apparent  background  that  is 
quite  significant  at  2.1  um  and  decays  into  the  noise  at  3.5  pm.  The  absolute 
magnitude  of  t lie  background  varies  from  low  values  at  low  and  high  altitudes 
to  high  values  at  the  mid-altitude  region.  An  example  (scan  number  490  for 
89.8  km)  is  shown  in  Figure  103.  Background  of  this  type  is  also  seen  in 
Figure  99,  scan  524  at  74.6  km.  Ve  have  ruled  out  detector  recovery  from  the 
intense  NO  fundamental  band  as  the  source  of  the  background  by  comparison 
of  adjacent  scans.  The  nature  of  this  background  IR  emission  is  not  clear  but 
we  have  determined  its  altitude  dependence  and  described  its  spectral  distribu 
tion.  In  addition,  this  background  has  been  observed  on  scans  where  the  NO 
fundamental  band  is  not  as  intense. 

Figure  104  shows  the  altitude  dependence  of  the  background.  The  background 
intensity  was  measured  at  2.14  pm  and  normalized  using  the  intensity 
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of  the  L4  photometer.  The  resulting  curve  shows  that  normalized  background 
increases  by  a  factor  of  six  from  75  to  120  km. 

The  spectral  distribution  of  the  emission  is  closely  matched  by  the  air 
afterglow  emission . m ^ ^  Figure  105  shows  the  intensity  decay  of  the  air 
afterglow  emission  over  the  2  to  5  urn  region.  Figure  106  shows  scan  524 
corrected  for  the  background  (after  normalization  at  2.14  urn).  This  correc¬ 
tion  has  been  applied  to  most  of  the  SVIR  data  files. 


The  visible  interferometer  data  shows  no  evidence  of  NO2  air  afterglow 
emission  which  would  have  to  be  present  at  wavelengths  >  380  nm.  In  addition, 
calculation  of  the  required  NO  and  0  number  densities  produced  by  the  dis¬ 
charges  indicates  that  these  species  are  insufficient  by  about  an  order  of 
magnitude  to  account  for  the  observed  background  intensities.  Although  the 


Figure  105.  Wavelength  dependence  of  the  air  afterglow  emission  in  the 
2  to  5  ym  region. 
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Figure  106.  SWIR  scan  524  with  background  correction  (TAL  =  294.9s, 

Alt  =  74.6  km). 

nature  of  the  background  is  unknown,  the  functional  form  of  the  continuum  has 
been  applied  to  all  the  data  so  that  further  quantitative  analysis  of  the 
spectrally  structured  features  is  possible. 

11.3  SPECTROSCOPIC  IDENTIFICATION 

Many  of  the  emission  features  in  these  spectra  have  been  previously  iden¬ 
tified.  For  example,  the  intense  feature  at  4.3  pm  is  due  to  the  002(^3)  band 
created  by  the  interaction  of  energetic  electrons  with  ambient  C02-^  The 
broad  feature  at  5.4  pm  has  been  previously  assigned-^2  to  the  NO  fundamental 
emission  from  vibrational  levels  as  high  as  v=12  arising  from  the  reaction, 

N(2D)  +  02  -»  N0(v<12)  +  0  .  (54) 
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The  N(^D)  arises  from  electron  induced  dissociation  of  nitrogen.  Reaction  (54) 
has  been  studied  in  the  laboratory . 152 , 161  The  relative  population  distribu 
tions  as  well  as  the  fundamental/overtone  ratios  have  been  determined . 162 
However,  the  EXCEDE  spectral  data  will  provide  production  efficiencies,  the 
altitude  dependence  of  the  vibrational  distribution,  and  the  relative  contribu¬ 
tion  of  the  NO  overtones  to  the  emission  feature  at  2.9  pm. 

There  are  several  features  in  the  2  to  4.1  pm  region  which  have  not  been 
cleanly  identified  prior  to  this  project.  The  band  centers  of  many  of  the 
features  align  with  emission  from  several  N2  electronic  states,  specifically 
the  W^AaB^n,  a^Il->a'^E,  and  w^A»a^H  hand  systems.  The  coarse  resolution  of  the 
CVF  and  observed  wavelength  "jitter"  in  some  of  the  spectra  prevented  their 
unambiguous  assignments  previously.  We  detail  below  a  spectral  fitting 
approach  which  permits  their  identification.  Only  those  band  systems  which 
exhibit  credible  vibrational  distributions  for  all  levels  and  transitions  will 
he  considered  to  be  positively  identified. 

The  relative  importance  of  t fie  Ny  electronic  states  in  an  aurora  have  been 
modeled  by  Cartwright.^  He  used  measured  or  inferred  electron  excitation 
cross  sections,  radiative  relaxation  and  cascade,  and  quenching  estimates  to 
determine  the  relative  number  densities  of  the  nitrogen  electronic  states  in 
an  aurora.  His  results  are  shown  in  Figure  107.  The  A^E,  W^A,  and  a'^E 
states  are  indicated  to  be  present  at  the  highest  concentrations  due  to  their 
long  radiative  lifetimes.  Because  of  the  flow  around  the  EXCEDE  payload, 
residence  time  in  the  field  of  view  of  the  spect rc  "eters  will  be  a  function  of 
mission  time.  Residence  times  of  less  than  10  ms  are  expected  for  most  of  the 
data.  Thus  these  longest  lived  states  will  not  have  concentrations  as  high  as 
the  Cartwright  model  due  to  diffusive  (field  of  view)  loss  time.  Of  these 
long  lived  states  only  the  U^A  state  emits  in  the  infrared  in  the  W1jA>B^n 
system.  Several  of  the  other  states  shown  in  Figure  107  should  also  emit  in 
the  infrared,  including  w-'-A^a^n,  alfl->a'^-E  and  some  bands  in  the  B'^E->B^n  and 
B  *  FI->A  ^  E  sys  terns  . 
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Figure  107.  Auroral  N£  excited  state  densities. 

11.3.1  Wu-Benesch  Emission 

Electron  irradiation  of  nitrogen  is  vell-knovn  to  produce  extensive  emission 
from  the  ^(W^A-rB^n)  system.  163, 164  This  emission  system  has  recently  been 
examined  in  the  laboratory  using  the  LABCEDE  and  COCHISE  apparatus^f)'  165  an(j 
these  experiments^^  verified  the  V-B  branching  ratios  over  the  2  to  4  pm 
region  and  observed  the  previously  unidentified  1-0  and  2-1  features  in  the 
6  to  8  pm  region.  Emission  from  the  N2(v^A->a^n)  system  was  also  examined.  V 


have  calculated  the  Einstein  coefficients  for  this  transition  system  using  the 
transition  moment  function  of  Yeager  and  McKoy.^  The  results  predict  the 
auroral  density  of  the  w^A  state  to  be  greater  by  an  order  of  magnitude  over 
Cartwright's  initial  estimates.  The  corrected  predictions  for  the  w^A  state 
<11  e  shown  in  Figure  107. 

The  COCHISE  apparatus  employs  microwave  discharges  operating  at  1  ton 
pressure  with  the  viewing  region  maintained  at  3  to  5  mtorr.  The  results, 
therefore,  can  lie  applied  to  aeronomy  and  provide  a  useful  spectroscopic  data 
base.  LABCEDF,,  which  excites  atmospheric  gases  at  densities  equivalent  to  65 
to  105  km  altitudes,  is  a  more  direct  system  to  understand  the  aurora.  This 
experiment  has  recently  examined  the  infrared  emission  from  the  electron 
irradiation  of  nitrogen  over  the  0.8  to  6.5  pm  region. 1^5  The  identified 
band  systems  are  [^(W^A-dB^n) ,  ^(a^  Il->a'  ^  L) ,  [^(B^ll-A^E),  No  +  (A'°n  X-£),  and 
Ny(wl A-  afl) . 


Comparisons  of  the  digitized  files  to  synthetic  Wu-Benesch  emissions  have  been 
performed  for  all  low  altitude  data  (<  ‘to  km).  Two  typical  results  are  shown 
in  Figures  108a  and  b.  The  vibrational  levels  used  in  these  basis  sets  are 
v'-7-5.  Figure  108a  shows  the  fit  to  uncorrected  data  in  the  2.1  to  4.1  pm 
legion  and  Figure  108b  shows  the  fit  to  the  same  data  file  corrected  for  back 
ground.  In  both  figures,  the  fit  to  the  W-B  (2,0),  (3,1),  (4,2),  (3,0),  (4,1) 
and  (5,2)  features  is  excellent.  The  band  positions  are  well  reproduced  and 
with  background  subtraction,  as  shown  in  Figure  108b,  the  relative  intensity 
distributions  are  also  reproduced.  The  feature  at  4.0  pm  is  not  fully  matched 
by  the  W-B  (4,2)  emission.  Since  we  have  previously  verified  the  W-B  blanching 
ratios^*’  and  Figure  1081)  shows  a  good  match  of  the  (3,0)  and  (3,1)  relative 
intensities,  failure  to  reproduce  the  4.0  pm  feature  indicates  that  it  is 
likely  due  in  part  to  another  radiator. 

Fits  to  liighet  vibrational  levels  in  the  Wu-Benesch  manifold  have  also  been 
performed.  Figure  109  shows  a  fit  of  the  uncorrected  data  to  W-B  v'=2  9. 
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Figure  109.  Corrected  scan  524  fit  to  v'=2-9)  at  a 

rotational  temperature  of  200  K. 

F,  mission  f  i  om  the  (9,6)  and  (8,5)  transitions  underlie  the  0,1)  and  (2,0)  fea¬ 
tures  respectively.  This  prevents  clear  assignment.  The  (9,5)  feature  may  be 
present  just  at  the  noise  level.  Levels  W,7  and  6  are  masked  by  the  filter 
wheel  (7,3)  and  (6,3)  by  the  strong  2.9  pm  emission.  The  W  state  levels 
greater  than  five  are  thus  compromised  in  some  manner.  The  EXCEDE  data  cannot 
clearly  prove  their  presence.  Vibrational  level  9  is  a  possible  assignment 
but  cannot  be  seriously  considered  without  positive  identification  of  emis¬ 
sions  from  v'  -  6-8  which  are  absent.  Only  the  lower  vibrational  levels, 
v' <5,  are  clearly  observed  at  all  altitudes.  At  the  highest  altitudes  the 
(5,2)  feature  is  masked  by  H2O  emission  and  the  (2,0)  and  (3,1)  features  are 
strongly  overlapped  by  the  same  system  but  tbe  (4,1)  and  (3,0)  bands  remain 
distinguishable  over  all  altitudes. 
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11.  1.2  II  vO  Em  i  ss  i  oil 

The  immediate  environment  around  the  payload  was  strongly  contaminated  by 
out  gassing  water,  witli  contamination  decreasing  with  mission  time.^®  The 
'■olnmn  density  was  sufficiently  large  (up  to  10^  cm^)  that  OH  rotational 
emission  was  detected  in  the  11  to  18  urn  region. 148,149  Thus,  emission  from 
v i bt a t i ona 1 1 y  excited  H2O  in  the  2  to  8  pm  region  seemed  likely.  The  low 
altitude  ? . 9  pm  feature  was  given  this  pteliminary  assignment  by  previous 
investigators.  Careful  inspection,  however,  indicates  that  this  low  altitude 
feature  cannot  he  due  to  water.  11^0  emission  lias  been  unambiguously  identi 
fied  in  the  higher  altitude  data,  however. 

Table  21  shows  the  principal  H2(|  vibrational  transitions  in  the  1.4  to  7  pm 
range.  The  table  shows  the  2v7,  V1  1  and  V1  features  to  be  the  principal 
emissions  in  the  2.9  pm  region.  Although  none  of  these  hands  centers  fall  at 
2.9  pm,  synthesis  of  a  basis  set  was  deemed  necessaiy  to  verify  or  tule  out 
the  contribution  of  watet  emission  in  the  F.XCEDF,  data.  Synthetic  spectral 
generation  of  emission  f 1 om  polyatomics  is  difficult  but  was  achieved  by 
conversion  of  a  compilation  of  absorption  line  strengths.  Such  a  compilation 
foi  watei  and  other  polyatomics  (such  as  C<>o,  N 2 ,  and  O3)  have  been  performed 
by  Rothman  et  ^1.141,144,166  niK|  js  available  on  magnetic  tape. 

The  AFCF  tape  is  organized  by  frequency.  Each  line  contains  the  frequency, 
absorption  strength,  energy  of  the  upper  level,  the  involved  vibrational 
levels,  a  code  for  the  isotope,  and  a  code  for  the  identity  of  the  molecule. 
This  tape  was  read,  the  molecule  and  isotope  of  interest  were  selected,  the 
absorption  line  strengths  were  converted  to  emission  intensities,  and  an 
infinite  resolution  spectrum  compatible  witli  out  spectral  fitting  codes  was 
gene 1  a  t  ed  . 

Two  simple  computer  codes  were  written,  the  first  performed  the  search  and 
line  intensity  conversion  and  the  second  performed  the  slit  function 
convolution.  The  absorption  line  intensities  in  the  AFGF  tape  were  compiled 
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TABLE  23.  H2O  IR  emission  features 


Trans i t ion 

vo  (cm  1) 

A  (pm) 

010-000 

1594.736 

6.27 

020-000 

3151.631 

3.17 

100-000 

3657.054 

2.734 

001-000 

3755.924 

2.662 

030-000 

4666.720 

2.143 

110-000 

5234.981 

1.91 

011-000 

5331.245 

1.876 

120-000 

6775.10 

1.476 

for  296  K  rotational  temperatures.  Conversion  to  a  temperature  of  interest  was 
achieved  by  adjusting  the  line  strength  as  follows 


0  (2%)  0r<296>  r  j  n 

SJ(T)  '  SJ(2%)  "0  (T)  UTj  expUT  (296  “  TJ 

V  K 


where  E'  is  the  energy  of  the  lower  state.  For  H2O, 
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Emission  intensities  are  calculated  from  the  relationship 


Aj  =  2.8  x  10~8  v2  L0Sj(T)  eE"/k:T 


(56) 


where  Lq  is  Loschmidt's  number 
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Computation  of  individual  line  intensities  is  then  straightforward, 

Ij  =  he  v  AjNv  e-ER'/kT  (57) 

where  Nv  is  the  population  in  the  vibrational  level  of  interest  and  Eg'  is  the 
rotational  energy  level  origin  within  the  vibrational  level  and  is  equal  to 

Er'  =  v  +  E"  -  E0V' 

where  Eg7’  is  the  energy  of  the  vibrational  level  v'  at  the  ground  rotational 
level . 

In  the  spectral  generation  and  fitting  programs  in  use  for  diatomics,  the 
vibrational  population  is  a  dependent  variable  and  is  determined  by  the  fit 
since  each  vibrational  level  is  created  as  an  independent  basis  set.  For  this 
application  we  want  to  determine  the  expected  bandshape  in  the  region  2.6  to 
3.4  pm  and  contrast  this  with  the  low  and  high  altitude  data.  Thus,  an  assumed 
vibrational  distribution  of  equal  populations  was  chosen.  The  resulting  basis 
sets  at  rotational  temperatures  of  200  to  400  K  are  shown  in  Figures  111a  and 
b,  respectively.  A  fit  of  the  200  K  basis  set  to  a  low  altitude  spectrum  is 
shown  in  Figure  112.  Clearly,  the  2.9  pm  feature  evident  in  the  low  altitude 
data  is  not  attributable  to  H2O  emission.  A  fit  to  higher  altitude  data  is 
shown  in  Figure  113.  Here  the  agreement  is  improved,  indicating  the  2.7  pm 
emission  at  these  altitudes  is  due  to  water  emission. 


235 


WAVUINMM  (mn) 


A-622S 


I  (Mil  (•  1 


Figtir  e 


\y.  Uncollected  SVIR  scan  522,  fit  to  200  K  HpO  vibrational  basis  set 
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111.  Uncot  tec  ted  scan  520,  TAI,  161.0s,  Alt  -  125.2  s,  and  fit  to 
200  K  H^O  emission.  Also  included  in  the  fit  is  emission  for 
Ny(U  >11  *n„,  v'  2  5)  and  NO  Av  -2.  The  NO  overtones  were 
determined  To  he  a  minoi  constituent. 


H?0  emission  at  2.7  pm  peaked  at  100  km  exceeding  10  1  MR.  At  highet  alti 
tildes  the  speetia  ate  cleai  ly  dominated  by  IlyO  but  the  peak  intensity  is 
reduced.  At  lovet  alti  tittles  the  II  >0  emission  steadily  fleet  eases  such  that 
belou  RO  km  it  is  no  longer  observable. 

11.1.1  NO  I'undamen  t  a  1  s 

The  r> .  A  pm  band  system  in  the  MUIR  data  has  been  identified  in  a  previous 
analysis^4  ^  as  NO  fundamentals.  At  a  single  alti  (title,  the  vibiational  distii 
but  ion  was  determined  to  be  similat  to  the  nascent  N  ( 1 ) )  *  ()>>N<t(v)  *  o  vihia 

tional  distribution  as  deteimined  f i om  c<  toll  INF.  expei  i men t s . ^  Vet  i f i < a t i on 
of  this  cone  1  n.s  i  on  as  well  as  exam  i  na  t  i  on  of  the  entile  data  base  was  the  goal 
t>f  this  wot  k  . 

Only  eleven  MUIR  scans  exhibited  sufficient  signal  to  noise  to  watt  ant  atialy 
sis.  The  scan  mtmbei s  and  televant  data  ate  listed  in  Table  1 9 .  Although 
the  data  set  is  limited,  they  <lo  topiesenl  an  almost  70  km  height  ptolile 
(74.7  to  9?  km).  It  was  hoped  that  these  files  would  be  sufficient  to  i ud i 
cate  altitude  variation  and  thus  quenching  effects'. 

Figure  114  shows  the  4.8  to  6.8  pm  pot  t  ion  of  MUIR  scan  1700  with  a  baseline 
emission  level  subtracted.  The  radiance  between  4 . 0  j  to  'j  .00  pm  was  taken  as 
this  background  level.  The  data  has  not  been  smoothed.  Although  the  resold 
t  i  on  element  is  large  in  this  wavelength  tango  (0.1  pm  FUIIM  at  b.o  pm),  smooth 

ing  was  not  performed  to  avoid  introducing  any  systematic  eriors.  Figuie  114 

also  shows  two  synthetic  spectra;  one  with  vibrational  ievels  adjusted  to  give 

a  best  fit  and  the  other  with  the  relative  vibiational  populations  fixed  in 

the  COCHISE  nascent  distribution.  Uhen  we  allow  the  vibrational  distribution 
to  be  varied  freely  in  the  fitting  process,  an  excellent  match  to  tire  data  is 
obtained . 


Some  of  the  best  data  is  shown  in  Figuie  114.  The  noise  in  the  data  was 
found  to  cause  observable  fluctuations  in  the  deteimined  relative  population 
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f'ijMitc  114.  Ilncoi  i  pc  t  eel  MUIR  scan  1700  (TAI,  787.0s,  Alt  86. B  km)  witli  fits 
to  No  ( Av-  1  ,  v'  7  17)  with  i  ndependen  t  vibrational  vaiiation  and 
with  t ho  COCHISE  nascent  iclativf  vibiational  Hist t ibut  ion. 

d  i  •;  t  i  i  bn  t  i  mis  .  Tims,  the  population  distiibution  f  t  om  several  appropriate 
altitudes  we  i  e  aveiaged;  files  1195  119/  taken  near  an  altitude  ot  91  km  were 
use  i  aged ,  as  wr>i  e  1704  1706  (81.1  km),  and  1709  171  1  (  /  5 . 4  km).  These  popula¬ 
tions  with  one  st aiula id  deviation  enoi  bais  are  shown  in  Eiguies  115  through 
1  I  /  .  I'ot  eompai  i  son  the  No  nascent  distribution  is  also  plotted.  The  F.XCEDF, 
data  follows  the  na'-msit  d  i  s  t  i  i  Ini  t  i  oils  at  all  altitudes. 

Oiienching  cil  N0(v)  may  ocean  by  atomic;  and  tnolec-ulai  oxygen  and  water  via  the 
r 1 1 1 e n < h i ng  inactions  shown  below: 
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Figure  115.  Relative  NO  vibrational  population  distributions  at  75.4  km.  Also 
shown  in  solid  line  is  the  COCHISE  nascent  distribution.  The 
data  have  been  averaged  from  fits  to  MWIR  files  1209  1211  and 
are  shown  with  one  standard  deviation  error  bar. 


The  observation  of  the  measured  nascent  distribution  unrelaxed  by  collisions  or 
radiation  strongly  indicates  that  the  observed  emission  is  due  to  N(^D)  +  0^ 
and  there  is  a  rapid  N0(v)  removal  mechanism.  From  Reactions  (58)  and  (59) 
above  we  have  calculated  the  N0(v)  quenching  rates  by  0  and  O2  over  the  alti 
tudes  of  interest  for  typical  atmospheric  densities  and  find  that  the  quenching 
rates  are  of  the  same  order  as  the  radiation  rate  over  all  altitudes.  For  Ho() 
quenching  to  contribute,  the  concentration  must  have  been  in  excess  of 
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Figure  116.  Relative  NO  vibrational  population  distributions  at  81.3  km.  Also 
shown  is  the  COCHISE  nascent  distribution.  The  data  have  been 
averaged  from  fits  to  MUIR  files  1204-1206  and  are  shown  with 
one  standard  deviation  error  bar. 

10H 

cm  ^ .  Clearly,  quenching  is  too  slow  to  iiave  modified  the  nascent  distri¬ 
bution.  The  likely  cause  is  rapid  removal  from  the  field  of  view.  The 
reported  residence  time  in  tire  field  of  view  is  10  ms.  In  comparison  to  the 

No  radiation  and  quenching  rates,  this  is  sufficiently  rapid  to  cause  a  nascent 
distribution  to  be  observed.  Thus,  quenching  effects  of  N0(v)  were  not 
observed  in  the  EXCF.DE  data  down  to  75  km  altitudes.  The  short  residence  time 
in  the  field  of  view  limits  quenching  observations  to  lower  altitudes  still. 


91  km  AVERAGE 


Figure  117.  Relative  NO  vibrational  population  distributions  at  91  km.  Also 
shown  as  a  solid  line  is  the  COCHISE  nascent  distribution. 

The  data  have  been  averaged  from  fits  to  MWIR  files  1195-1197 
and  are  shown  with  one  standard  deviation  error  bar. 


11.3.4  Surveys  oi  Other  Band  Systems 

Previous  sections  have  covered  investigation  of  the  EXCEDE  2  to  5  pm  data  for 
Vu-Benesch  and  NO  fundamental  emission.  In  this  section  we  attempt  to  find 
evidence  for  emission  from  the  other  band  systems.  Most  systems  considered 
did  not  appear  to  be  present  in  the  EXCEDE  data.  Transitions  considered 
include:  the  other  possible  N2  IR  emission  systems,  w^A->a^Fl,  a^n»a'^E, 
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B^n+A^E,  and  B'^E+B^II;  the  NV  Meinel  system,  A^IHX^E;  and  OH  vibtonic  emis¬ 
sion  and  NI  and  01  Rydberg  ('mission. 

The  collected  low  gain  scan  at  74.6  km  has  been  chosen  to  present  the  results 
<>f  the  spectral  comparisons.  Since  the  CO2  vq  emission  dominates  the  low 
altitude  scans,  only  the  2.1  to  4.1  pm  region  will  lie  shown  £01  put  poses  of 
contrast.  Owing  to  the  low  insolation  of  the  data,  spurious  assignments  are 
possible.  The  criteria  used  (01  positive  identification  are:  ovei lap  of 
features  in  the  data  with  a  synthetic  spectrum  and  simultaneous  overlap  of  all 
branches  arising  from  the  same  upper  state;  the  fit  should  produce  a  rational 
vibrational  distribution;  tfie  determined  upper  state  populations  should  be 
indicative  of  an  auroral  distribution  as  shown  in  Figure  107. 

The  results  of  the  spectral  survey  are  shown  in  Figures  118  through  121. 

Figure  118  shows  a  fit  to  Njfw^A^a^Fl,  v' -()  1).  This  emission  system  has  been 
observed  to  be  severely  overlapped  with  Wu  Beneseh  emission  in  the  COCHIRF, 
apparatus^^  at  equivalent  numbei  densities;.  The  individual  transitions  are 
marked.  Although  several  of  the  bands  exhibit  overlap  with  lea  hires  in  the 
data,  we  believe  this  emission  system  docs  not  contribute  significantly  to  t be 
observed  spectra.  The  (0,0)  band  overlaps  with  the  feature  at  1.7  pm,  a  fea 
tore  that  is  well  reproduced  by  the  (2,0)  Wu-Benesch  transition.  Since  the 
transition  probabilities  for  the  w  a  and  W  B  system  are  similar,  ^  observa 
tion  of  w  a  emissions  is  inconsistent  with  the  order  of  magnitude  difference 
in  auroral  number  densities  predicted  by  reinterpretation  of  Cartwright's  data 
(see  Figure  107).  If  background  correction  is  applied,  as  shown  in  Figure  118, 
then  there  is  no  evidence  for  tire  w  a  (1,1)  band.  Therefore,  we  believe  the 
overlap  between  the  data  and  the  predicted  w  a  band  system  is  coincidental; 
there  is  no  firm  evidence  in  the  CVF  data  for  this  emission  system.  This 
conclusion  is  supported  by  fits  of  the  i n t or f ei ome ter  data  to  simulated  w  a 
spectra;  no  evidence  for  this  system  could  be  found  in  the  intei  foiometet  data 
as  well. 
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Figure  118.  Corrected  SWIR  scan  524  with  fit  to  N2(w1A->a1n,  v'=0-2)  at 
a  rotational  temperature  of  200  K. 


Figure  119  shows  a  fit  of  the  N 2 ( a 1  IT ->a ' 1 II ,  v'=l-5)  system  to  the  data.  The 
transitions  that  occur  in  the  wavelength  region  are  from. the  Av=+l,+2 
sequences.  The  (1,0)  band  falls  at  3.5  pm  and  does  not  overlap  with  any  fea¬ 
ture  in  the  data.  Since  none  of  the  bands  of  the  a-a'  system  exhibit  suffi¬ 
cient  overlap  with  features  in  the  data,  we  conclude  there  to  be  no  evidence 
for  the  presence  of  this  emission  system. 


The  next  emission  considered  was  the  N 2 ( B '  3 E ->B 3 IT ,  v'=0-3)  system  as  shown  in 
Figure  120.  Although  the  (2,3)  and  (3,4)  transitions  overlap  nicely  with  the 
data  in  the  2.2  to  2.4  pm  region,  the  (2,4)  and  (3,5)  features  do  not  corre¬ 
spond  well  with  the  data  in  the  3.4  to  3.8  pm  region.  The  feature  at  3.7  pm 
has  been  previously  assigned  as  the  V-B  (3-1)  transition.  The  predicted 
column  densities  of  the  B'  state  are  only  a  factor  of  two  to  three  less  than 
those  determined  for  the  W^A  state.  Cartwright  predicts  the  B'^i;  number 
densities  to  be  more  than  two  orders  of  magnitude  less  than  the  W^A  state. 

For  these  reasons,  emission  from  the  B'-B  system  has  been  ruled  out. 
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Emission  from  the  First  Positive  system,  N2  ( n~>A^  £) ,  is  commonly  observed 
from  discharged  nitrogen.  Figure  121  shows  a  fit  to  v'=0-3  of  the  First  Posi¬ 
tive  band  system.  The  hands  that  occur  in  this  spectral  region  are  due  to  the 
Av-+4,f5,+6  sequences.  The  poor  correspondence  between  the  fit  and  data  indi 
rates  that  this  emission  system  is  an  unlikely  contributor  to  the  EXCEDE 
spec 1 1  a . 

The  last  neutral  nitrogen  band  system  investigated  was  the  (B^Il-rW^A,  v'- 7-5) 
as  shown  in  Figure  122.  Seveial  of  the  transitions  align  with  features 
in  the  data  but  the  predicted  column  densities  (roughly  twice  W^A)  are  far  too 
latge.  Cartwright  predicts  B^ll  number  densities  to  Ire  an  order  of  magnitude 
lower  than  the  V^A  state  at  the  lower  vibrational  levels.  In  addition,  there 
was  no  indication  of  the  strongest  B  »A  First  Positive  banc1  >ich  must  Ire 
observed  if  B  >W  emission  is  present.  Thus,  despite  tire  agre  ...ent  between  the 
fit  and  the  data,  it  is  unlikely  that  B-W  emission  is  present  in  the  EXCEDE 
spec t  ra . 


Figure  121.  Corrected  SWIR  scan  524  with  fit  to  »A^£U  v ,  v' -0  1) 

at  a  rotational  temperature  of  200  K. 
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Figuie  177.  Collected  SUlk  scan  b74  with  fit  to  Ny(B^n>w^Au,  v'  7  b) 
at  n  lotational  tcmpci  atm  c  of  700  K. 


The  Ny  ‘  Heinel  system  ha;;  hern  obsei  ved  in  an  t  oi  a  1 ’  J  and  election  impact  on 
Ny . f,(l  Fictile  1  7  1  shows  a  fit  of  this  hand  system  to  the  data.  Only  the  (1,1) 
featnie  aliens  with  the  flat  a  and  this  has  been  previously  assigned  to  the 
(1,0)  Un  Beneseh  tiansition.  Tlieie  is,  theteloie,  no  clear  evidence  foi  the 
pi  esence  of  Ny  *  (  A7  fl  'X'1  T. )  emission. 


Spec t i a  of  dischaiged  ait  at  t educed  piessures  often  exhibit  01  and  N1  Rydbei g 
emissions  (Refs.  164,  16),  and  Appendix  F,).  Table  74  presents  a  list  of 
commonly  encounteted  atomic  lines  in  the  2  to  4  pm  region.  Synthetic  spectia 
of  atom  emission  compared  to  these  data  indicate  possible  participation  of  01 
lines  at  7.6b,  7.76,  7.89,  and  1.10  pm.  If  piesent,  an  atomic  line  at  7.6b  pm 
may  help  explain  the  anomalous  population  from  U  B  (b, 1).  An  N1  line  at 
4.0  vim  is  the  likely  soui < e  of  that  obsei ved  emission.  An  NI  line  at  4.0  pm 
is  the  likely  soui ce  of  that  obsei ved  emission.  No  othei  nitrogen  atomic 
lines  coi  i  es  pond  well  with  unidentified  (entities  in  t  lie  data. 
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Figure  123.  Corrected  SWIR  scan  524  with  fit  to  N2+(A2n-»X^E,  v'=0-3) 
at  a  rotational  temperature  of  200  K. 

11.3.5  Ultraviolet  and  Visible  Interferometer  Data 

Examination  of  this  portion  of  the  EXCEDE  data  was  not  part  of  the  original 
goals  of  this  research  effort.  However,  the  data  has  not  been  previously 
analyzed  and  it  was  felt  that  a  preliminary  examination  may  aid  interpretation 
of  the  IR  data  as  well  as  provide  a  quick  comparison  of  EXCEDE  results  to 
auroral  data. 

Two  pairs  of  UV  and  visible  spectra  were  chosen,  one  at  low  altitude  and  one 
at  high  altitude.  These  spectra  file  numbers  and  altitude  data  of  the  chosen 
files  are  shown  in  Table  21. 

These  spectra  have  been  digitized  and  fit  to  determine  the  emitting  column 
densities  in  the  following  states:  N2  a^ll,  B-^ IT,  C^n,  and  N2+  A^n,  B ^£.  All 
four  data  files  are  shown  in  Figures  124  through  127.  Figure  128  shows  a 
portion  of  a  fit  of  scan  number  116  to  N2(a-*-ng->X-*-Eg+)  emission.  The  reproduc¬ 
tion  of  the  observed  features  is  good  but  not  perfect. 
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TABLE  24.  01  and  NI  infrared  emission  lines. 


Species 

Trans i tion 

Wavelength  (pm) 

01 

4d3D^  -  4pSp 

2.65 

01 

4p2P  -  4s5S° 

2.76 

01 

4p3P  -  4s2S^ 

2.89 

01 

4d3D°  -  4p3P 

3.10 

NI 

4p4S°  -  4s4P 

2.621 

NI 

4p4S°  -  4s4P 

2.693 

NI 

4p4P0  _  4s4P 

3.027 

NI 

5f F(4)°  -  4d2D 

4.004 

NI 

5fG( 3)  -  4d2F 

4.006 

NI 

5f F( 3)  -  4d2D 

4.007 

NI 

5d4D  -  4fG(4) 

4.015 

NI 

5d2F  -  4fD(2)° 

4.022 

NI 

5s4P  -  4p4S° 

4.032 

NI 

5fD(2)°  -  4d4P 

4.035 

NI 

5d4F  -  4fG(3)° 

4.036 

Data  from  Linus  experiment  167  ancj  gaum  and  Benesch.164 

The  relative  determined  populations  are  shown  in  Figures  129  and  130  for 
altitudes  of  74  to  78  km  and  120  to  128  km,  respectively.  For  comparison, 
Figure  131  shows  the  Cartwright  distributions  for  the  neutral  states. 

We  examined  the  data  in  Figures  129  and  130  in  spite  of  the  potential 
uncertainties  present  in  the  uncorrected  data  such  as  source  variations  with 
time,  intensity  variations  between  the  UV  and  visible  spectrometers  and  even 
between  bands  during  a  scan.  Nevertheless,  based  on  only  a  preliminary  analy 
sis,  several  important  conclusions  can  be  drawn.  The  spectral  fitting  to  the 
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Figure  128.  Comparison  of  data  from  scan  116  to  N2(a-X)  emission. 


data  is  sufficiently  adequate  that  we  may  conclude  the  electronic  state  vibra 
tional  distributions  derived  from  the  high  altitude  EXCF.DE  data  have  the  same 
shape  as  predicted  by  Cartwright.  His  model  was  based  on  electron  impact 
excitation  laboratory  data  and  theoretical  calculations.  Recent  LABCEDE 
observations  support  much  of  his  modeling.  The  high  altitude  data  exhibit  a 
ratio  of  the  C-state  to  B-state  populations  which  is  the  same  as  Cartwright's 
value.  The  concentration  of  these  states  compared  to  the  a-state  in  the 
EXCEDE  data  is  a  factor  of  four  below  the  model.  This  ratio  depends  upon  the 
relative  spectrometer  calibrations  and  beam  intensity  invariance.  The  V-state 
populations  from  the  EXCEDE  data  (relative  to  the  C-  and  B-state)  are  a  factor 
of  five  below  the  ratio  in  the  model. 


The  radiative  lifetime  of  the  N2  C-state  is  37  ns  and  consequently  this  state 
should  radiatively  (not  collisionally)  decay  at  all  altitudes  where  EXCEDE 
data  exists.  The  lower  altitude  EXCEDE  data  (74  to  79  km)  possesses  an 
excited  state  column  density  in  the  spectrometer  field  of  view  only  ten  times 
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Figure  129.  Determined  populations  for  the  indicated  N2  and  N2+  states  from 
the  UV,  Visible,  and  IR  EXCEDE  data  for  the  120  to  128  km  range. 


greater  than  the  125  km  data.  Over  this  altitude  range  the  atmospheric  N2 
density  increases  by  a  factor  of  a  thousand.  This  emphasizes  that  caution  must 
be  exercised  when  drawing  conclusions  from  data  which  is  incompletely  charac¬ 
terised.  Many  parameters  must  be  considered  including  the  electron  range  for 
both  primaries  and  secondaries,  their  distribution  within  the  field  of  view  of 
each  spectrometer,  and  the  line  of  sight  of  each  instrument  relative  to  the 
beam  and  the  location  of  the  previously  dosed  regions. 


253 


74-79  km 


O  o  o 


0  a  0 


□ 

IQS  -  A 


O  ,l3g 

□  C  nyu 
0  w3au 
V  ”2+  a3iu 
A  n2+  32:  u 


VIBRATIONAL  LEVEL 


A-b245 


Figure  130.  Determined  populations  for  the  indicated  N2  and  N2+  states  for 
the  UV,  Visible,  and  IR  EXCEDE  data  for  the  74  to  79  kin  range. 

For  the  lower  altitude  data,  the  ratio  of  the  C-  and  B-state  populations 
differs  from  Cartwright's  prediction  by  50  percent.  We  consider  this  good 
agreement  giving  the  assumptions  in  the  analysis.  The  a  state  populations  are 
greater  than  expected  relative  to  the  normalizing  C-  and  B-states.  Moreover, 
the  LABCEDE  data  taken  at  a  pressure  corresponding  to  BO  km  altitude 
plotted  in  Figure  132)  indicates  that  quenching  of  the  a-state  shoiuu  .,ccui  . 
The  EXCEDE  data  is  too  bright  by  an  order  of  magnitude.  The  W -state  popula 
tions  clearly  determined  from  the  low  altitude  EXCEDE  data  are  a  factoi  of 
five  below  the  LABCEDE  populations  (relative  to  the  C-state). 
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Fictile  1  U.  Cmtvright  pi  pel  i  c  t  ions  for  several  N2  states  (for  comparison 
with  Figures  129  and  130). 

Tit  i s  analysis  is  very  preliminary  and  clearly  has  not  reached  a  satisfactory 
level  of  sophistication.  Nevertheless,  this  exercise  has  proved  that  data 
f  1  otn  a  field  obseivation  of  electron  irradiation  of  the  upper  atmosphere 
hmild  permit  fluorescence  efficiencies  and  quenching  effects  to  be  obtained 
in  first  order.  A  mm  e  accurate  determination  will  result  from  a  more  careful 
analysis. 
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Figure  132.  Nitrogen  electronic  populations  in  LABCEDE  (80  km  altitude). 


11.3.6  Infrared  Interferometer  Data 


None  of  the  infrared  interferometer  spectra  were  digitized,  rather  overlays  of 
relevant  simulated  spectra  were  created  to  aid  in  spectral  identification  of 
features  of  the  CVF  data.  Four  of  the  interferometer  spectra  are  shown 
in  Figure  133.  These  spectra  exhibit  similar  trends  as  have  been  observed  with 
the  CVF  data;  i.e.,  a  prevalence  of  discrete  emission  features  at  low  altitudes 
and  principally  a  broad  spectral  emission  at  2.9  ym  (~  3400  cm~l)  at  higher 
altitudes. 
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Upon  examination  of  these  spectra,  we  have  determined  that  the  interferometer 
tracing  shown  in  Figure  133,  EXCEDE:  Spectral  Final  Report*^  is  from  a  much 
higher  altitude  (87  km)  rather  than  74  km  as  stated  in  the  text.  This  figure 
creates  the  impression  that  the  2.9  pm  feature  in  the  CVF  data  is  due  to  H2O, 
which  as  will  be  discussed  later,  is  not  the  case. 

Since  the  interferometer  data  is  much  higher  resolution  than  the  CVF, 
spectroscopic  identification  should  be  much  less  ambiguous.  Overlays  of  H2O 
vibrational  emission,  N2(V^A->B-^n) ,  (w^A->a^fl),  and  (a^fl^a'-^I)  were  created  to 
determine  the  contribution  of  these  emission  systems  to  the  observed  inter 
ferometer  data.  Figure  134  shows  an  overlay  of  an  interferometer  scan  with 
Wu-Benesch  spectra.  The  vibrational  d is t r i bu t ions  are  from  LABCEDE  studies 
for  v'=3-10  (as  shown  in  Figure  132)  with  the  v'=2/v'=3  ratio  set  in  the  dis¬ 
tribution  determined  from  the  CVF  data  and  the  Cartwright  distribution.  This 
comparison  confirms  the  presence  of  Wu-Benesch  emission  in  the  interferometer 
data  but  the  vibrational  distribution  cannot  be  determined.  The  (5,2)  band  is 
clearly  observed  at  3800  cm“^.  The  (6,3)  and  (7,4)  bands  at  3550  and 
3250  cm~l,  respectively,  are  difficult  to  distinguish  from  the  other  features 
present  in  the  region.  The  two  sharp  features  at  4300  cm~l  do  not  have  the 
proper  shape  to  t>e  the  (9,5)  W-B  transition.  Thus,  as  with  the  CVF,  we  have 
no  firm  evidence  from  the  interferometer  data  for  W-B  emissions  from  v'>5. 

The  interferometer  data  do  not  support  creation  of  N2  W-states  above  v=5. 

Comparison  of  the  N2(w^A-+a^Il)  and  (a^n->a'^E)  systems  with  the  interferometer 
data  yields  no  clear  indication  of  the  presence  of  these  emissions. 

Figure  135  shows  a  comparison  of  a  high  altitude  interferometer  scan  with  H2O 
emission.  The  similarity  is  quite  striking  and  confirms  the  presence  of  water- 
emission  at  these  altitudes.  Comparison  of  the  water  emission  spectrum  with 
lower  altitude  interferometer  scans  indicates  little  or  no  contribution  of  HpO 
emission  at  the  lower  altitudes  on  the  downleg  part  of  the  mission. 

A  surprising  omission  is  lack  of  NO  fundamental  band  emission.  In  the  76  km 
spectrum,  the  rise  beyond  1900  cm~l  is  due  to  detector  response  fall  off 
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Figure  134.  Overlay  of  IR  interferometer  data  with  a  Wu-Benesch 
spectrum  based  on  LABCEDE  distribution. 
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Figure  135.  Comparison  of  an  TR  interferometer  scan  with  H 2°  emission. 


and  response  correction.  At  best  a  vague  hint  of  N0(1X))  emission  is  present 
in  this  rise.  The  lack  of  overtone  emission  is  also  surprising.  The  small 
features  between  1950  an  2010  cm''*  roughly  line  up  with  NO  rotational  band  - 
heads,  hut  we  do  not  believe  this  is  a  convincing  assignment.  Perhaps  the 
interferometer's  smaller  field  of  view  favors  the  more  prompt  electionic  state 
from  N7  over  the  NO  vibrational  hands  so  that  the  NO  emission  falls  below 
detection  threshold.  We  have  no  further  explanation  at  the  present  time. 


11.3.7  2.9  pm  Mystery  Emission 

It  is  difficult  to  discuss  the  SWIR  data  without  addressing  the  most  prominent 
feature  in  the  2.1  to  4.1  pm  region.  At  low  altitudes,  the  CVF  data  exhibit 
a n  intense,  broad  peak  centered  at  2.9  pm.  At  high  altitudes  there  is  a  peak 
centered  at  2.7  pm.  We  have  previously  demonstrated  that  the  2.7  pm  feature 
at  high  altitudes  is  due  to  water.  This  emission  system  is  inadequate  to 
describe  t lie  observed  emission  at  low  altitudes,  however.  In  addition,  the 
interferometer  data  just  discussed  provides  no  evidence  for  H2O  emission  at 
low  altitudes  whereas  it  is  prominent  at  higher  altitudes.  Clearly,  the  low 
altitude  CVF  2.7  pm  feature  is  not  due  to  water  emission.  We  have  also  ruled 
out  CO ^  combination  bands  from  spectral  comparisons. 

Several  diatomic  band  systems  were  investigated  to  account  for  this  emission. 
The  emission  from  the  fundamental  band  <>i  <>(|  (alls  in  this  wavelength  legion. 
Figure  136  shows  a  fit  of  OH  fundamental  emission  from  v'-l  1  at  a  rotational 
temperature  of  200  K.  Even  at  the  F.XCFOF  CVF  resolution  element  the  P  and  R 
branches  are  evident  whereas  no  such  stiuctme  can  be  seen  in  the  data. 
Increasing  the  rotational  temperature  does  not  improve  the  fit. 

N2(B3naUjA)  emission  falls  in  this  wavelength  region  as  well.  A  fit  of  the 
B-W  spectrum  to  the  data  has  already  been  presented  in  Figure  122.  Although 
several  of  the  transitions  occur  in  the  proper  wavelength  region,  the  shape  of 
the  observed  feature  is  not  reproduced  by  this  band  system.  In  addition,  the 
required  column  densities  in  the  B ^ II  state  are  far  in  excess  of  the  Cartwright 
pred ic  t ions . 

This  peak  cannot  be  entirely  attributable  to  NO  overtone  emission.  Although 
the  2.7  pm  emission  may  be  adequately  fit  to  the  NO  overtone,  the  resulting 
distribution  is  vibrat ionally  "colder"  than  the.  COCHISE  nascent  distribution 
observed  for  the  fundamentals.  If  this  feature  is  attributed  solely  to  NO 
overtones,  the  peak  intensity  is  far  in  excess  of  that  predicted  for  the 
overtones  from  the  intensities  observed  from  the  fundamentals.  To  test  this, 
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Figure  116.  Corrected  SWIR  scan  524  with  fit  to  OH  (v'--ll)  fundamental 
emission  at  a  rotational  temperature  of  200  K. 

the  merged  SV1R/MWIR  spectra  were  used.  These  files  were  created  by  using  the 
(\>])  emission  to  normalize  the  two  spec  t  rometers  data.  Figure  137  shows 
the  merged  file  for-  74.6  km  altitude.  Superimposed  on  this  figure  is  a 
simultaneous  fit  of  both  the  overtones  and  fundamentals  using  the  COCHISE 
nascent  distribution^9  and  Einstein  coefficient  t  a  f  >  os  measured  in  the 
I  a  bor  a  t  ot  y .  1  •  1  The  fit  to  the  fundamental  rt->r  .  is  adequate,  as  pre 

vim, sly  discussed,  but  the  reproduction  of  the  2.9  pm  feature  is  inadequate. 
This  figure  indicates  that  no  mote  than  50  percent  of  the  observed  emission 
intensity  in  this  feature  can  he  attributed  to  the  NO  overtones.  In  addition 
rhe  peak  of  the  NO  overtones  is  red-shifted  relative  to  tire  data,  the  data 
peaks  at  2.9  um  while  the  overtone  emission  peaks  at  2.95  pm.  In  order  to 
determine  the  residue  not  attributable  to  the  NO  overtones,  spectral  subtrac¬ 
tion  has  been  performed  and  the  result  is  shown  in  Figure  1 1R .  The  result  is 
a  much  narrower  peak  centered  at  2.9  pm.  We  have  not  been  able  to  identify 
the  origin  of  this  feature. 
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11.4  CONCLUSIONS 

Nitiogen  Wu-Benesch  (W^A->B^I1)  emission  has  been  positively  identified  in  the 
CVF  data.  The  interferometer  data  indicates  the  possible  presence  of  vibra¬ 
tional  levels  greater  than  five  but  further  analysis  will  be  required  to 
quantify  the  distribution.  Wu-Benesch  emission  is  observed  at  all  altitudes, 
oven  under  those  conditions  in  which  the  water  emission  intensity  is  strong, 
rite  vibrational  distribution  is  more  relaxed  than  the  predictions  of 
Cartwright  and  the  recent  LABCF.DE  results. 

No  other  nitrogen  electronic  band  system  has  been  positively  identified  in  the 
IB  data,  including  both  CVF  and  interferometer  data.  The  band  systems 
considered  include  w^A^a^n,  a^n^a'^Z,  B^n-»A-^E,  B'^Z->B^n,  and  the  N2+  Meinel 
system,  A'-FI+X'-E.  There  is  some  evidence  for  atomic  oxygen  emission,  partic¬ 
ular  lv  at  7.65,  2.76,  aird  3.1  pm.  Atomic  nitiogen  lines  may  be  responsible 
for  part  of  the  intensity  at  4.0  pm. 

The  SUIR  data  exhibits  a  background  which  decays  fiom  2.1  to  3.5  pm.  The 
spectral  distiibution  of  the  background  is  similar  to  thp  0  +  NO  air  afterglow 
emission  but  is  far  too  intense  to  be  attributed  to  ambient  air  afterglow. 
Nevertheless,  the  data  have  been  corrected  for  background  using  the  0  +  NO 
spec t  r  a  1  d i s  t  r i but i on . 

The  NO  fundamental  emission  observed  matches  the  COCHIRF,  nascent  distribution 
and  is  clearly  due  to  N(^D)  +  •  No  evidence  for  quenching  was  observed  over 

the  75  to  91  km  region  since  the  time  scales  for  quenching  for  O2 ,  0,  and  H2O 
are  long  at  these  altitudes  compared  to  residence  time  in  the  field  of  view 
( -  10  ms ) . 

The  2.7  pm  high  altitude  feature  is  clearly  H->0,  V]  and  va  vibronic  emission. 
This  feature  disappears  at  lower  altitudes  and  is  replaced  by  a  broad  2.7  pm 
feature  which  is  not  due  to  water.  This  feature  is  only  observed  in  the  CVF 
data,  it  is  not  1  opt  educed  in  the  interferometer  spectra.  The  CVF  feature  can 


be  only  partially  attributed  to  the  NO  overtones.  An  anomalous  fundamental/ 
ovei tone  ratio  and  a  moie  relaxed  distribution  must  be  invoked  to  force  NO  to 
he  the  sole  source  of  that  emission.  We  believe  that  more  than  50  percent  of 
the  emission  intensity  at  2 . pm  is  attributable  to  the  NO  overtones. 

In  the  visible  and  ultraviolet  spectral  regions,  nitrogen  electronic  state 
transitions  dominate  the  spectrum.  Preliminary  analysis  show  that  the  vibra¬ 
tional  distributions  within  these  electronic  states  and  relative  production 
levels  agree  with  model  and  laboratory  observations  to  first  order.  The 
differences  which  exist  can  be  resolved  in  future,  more  careful  analyses. 

The  major  conclusion  of  this  study  is  that  flight  data  from  the  artificially 
electron  dosed  upper  atmosphere  can  be  analyzed  to  identify  atmospheric 
radiators  and  their  vibrational  and  electronic  state  distributions.  Effects 
of  nearfield  contamination  can  be  removed  from  the  data  permitting  atmospheric 
band  emission  efficiencies  and  distributions  and  processes  to  be  quantified. 
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12.  RADIOMETER  EXPERIMENT  TO  STUDY  EMISSIONS  RESULTING  FROM 
COLLISIONS  WITH  HIGH  VELOCITY  ATOMS 


A  variety  of  atmospheric  processes  can  produce  high  velocity  atoms.  Photo¬ 
dissociation  of  molecular  O2  in  the  thermosphere  by  solar  Lyman  a  emission 
(1216  nm)  has  been  suggested  as  a  potential  source  for  fast  moving  0  since  a 
photon  at  Lyman  a  wavelengths  has  5  eV  of  energy  in  excess  of  the  O2  binding 
oneigy.  Dissociative  recombination  of  N2+  should  produce  N-atoms  with  several 
e V  of  translational  energy.  Collisions  of  these  fast  moving  atoms  with  atmos¬ 
pheric  species  can  potentially  give  rise  to  excitation  and  emission  processes 
not  previously  included  in  atmospheric  models.  In  this  section  we  describe 
the  design  of  a  radiometer  package  to  observe  emission  from  these  high  veloc 
ity  collisional  processes.  This  radiometer  package  could  find  application  in 
both  laboratory  (LABCEDE)  or  as  part  of  a  field  experiment. 

Dm  goal  is  to  observe  emission  from  these  collisional  processes  across  a  wide 
spectral  region  to  monitor  translation  to  vibration  excitation  and  even 
translation  to  electronic  state  conversion.  LABCEDE  operates  at  sufficiently 
low  pressure  conditions  that  a ay  high  velocity  atoms  produced  will  not  be 
slowed  completely  in  the  experiment  field  of  view.  A  spacecraf t -boL ne  experi¬ 
ment  would  also  provide  an  excellent  test  ground  for  these  processes  due  to 
the  orbital  tianslat ional  velocity  of  8  km/s.  Thus  in  the  frame  of  reference 
of  the  spacecraft,  atmospheric  thermal  velocity  oxygen  atoms  possess  a 
directed  translational  energy  of  over  5  eV.  Molecular  nitrogen  possesses 
9.1  eV.  Moreover,  the  variable  environment  surrounding  spacecraft  (particu¬ 
larly  the  Shuttle)  permits  the  observation  of  0  +  N2  collisions  as  well  as 
collisions  with  outgassed  or  generated  species  such  as  CO2 ,  H2O,  and  NO. 
Collisions  of  fast  oxygen  atoms  with  these  gases  will  provide  insight  into  the 
interaction  of  fast  atoms  (transfer  energy  or  reaction)  with  trace  gases 
present  in  the  lower  thermosphere. 

Our  suggested  approach  is  to  use  rugged  bandpass  filtered  detectors  with  good 
time  resolution.  This  will  permit  ac t i v i ty- i nduced  radiances  to  be  removed 


from  the  collisional  interaction  data.  Also,  attitude  dependence  will  permit 
gas  phase  emission  to  be  separated  from  collision-induced  surface  generated 
radiances  (glow).  The  detectors  in  the  radiometer  package  should  span  the 
0.2  to  5.2  um  range  and  possess  a  variety  of  bandpasses  to  isolate  emitters. 
High  sensitivity  in  the  infrared  (SWIR/MVIR)  will  be  achieved  by  cooling  InSb 
detectors  using  Sterling  cycle  cryocoolers.  Passively  cooled  PbS  and  PbSe 
detectors  will  also  be  used  to  provide  dynamic  range  and  redundancy.  The 
detectors  will  view  the  interaction  region  through  a  simple  two-lens  optical 
system  to  achieve  good  off-axis  rejection  and  a  well  defined  field  of  view. 

The  collisional  emission  would  be  chopped  by  a  reflective  tuning  fork  chopper 
located  at  the  focal  point  between  the  lens  pair.  The  optics  would  be  con¬ 
figured  to  match  component  thermal  emissions  in  the  optical  train.  This  will 
minimize  the  absolute  and  synchronous  signals  arising  from  the  radiometer 
itself.  A  schematic  of  the  cooler,  detector  array,  and  optical  network  is 
given  in  Figure  139.  Seven  bandpass  filtered  detectors  could  reside  at  the 
focal  plane  of  this  system  as  shown  in  Figure  140. 

A  total  of  71  detectors  are  required  to  provide  full  spectral  coverage  and 
sufficient  spectral  resolution  to  isolate  radiators  and  excitation  processes. 
The  optimum  detectors  and  bandpasses  are  listed  in  Table  25.  Note  that 
several  bandpasses  are  shared  by  different  detectors.  This  will  permit  real 
time  relative  calibrations  to  be  made.  In  order  to  isolate  rapidly  varying 
emissions,  eight  broadband  spectral  channels  covering  the  entire  0.2  to  5  pm 
region  will  be  sampled  at  8.3  samples/s.  The  remainder  of  the  channels  could 
be  completed  and  recorded  more  slowly,  every  1.7s.  The  bandpasses  were  chosen 
to  distinguish  emission  from  particular  molecules  in  this  environment. 

Using  this  radiometer  configuration  noise  levels  have  been  calculated  based  on 
thermal  design  analysis  and  optical  geometry  including  component  and  wall 
emissions.  The  synchronous  noise  levels  for  the  actively  cooled  radiometers 
are  shown  for  several  bandpasses  in  Figure  141.  Also  shown  in  that  figure  is 
an  estimate  of  the  collisional  excitation  of  H2O  (vj,V3>  by  oxygen  atoms. 
Because  cross  sections  for  collisional  excitation  are  unknown  at  these 
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Figure  139.  InSb  detector  module  assembly. 
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TABLE  25.  Radiometer  detector  bandpasses  (urn). 


Si  1  icon 

Lead  Sulfide 

Indium  Antimonide 

0.2-0. 5;  AX  =  0.5  -*6 

1.5  -1.8  OH 

1.5  1.8 

0. 5-1.1;  AX  =  0.025  ->  24 

2.0  -3.0  Whit  teborn 

2.0  -3.0  Fast 

0.2-0. 4  Fast 

2.73-2.70  No 

3.0  -4.0  Fast 

0.4-0. 6  Fast 

2.80-2.90  OH 

4.0  L.r  Fast 

0.6-0. 8  Fast 

2.1  2.5  Co 

2.3  2.5  CO 

0. 8-1.0  Fast 

2.5  -3.1  H?0 

2.73-2.79  No 

1.0-1. 1 

2.0  2.3  Rackgiound 

2.80-2.90  OH 

35  Si  detectors 

7  PbS  detectors 

3.5  -3.7  NO? 

4.20-4.32  COp 

4.35-4.6  No* 

Germanium 

Lead  Selenide 

4.6  -5.0  CO 

1.0-1. 1 

2.8  -2.9  OH 

5.0  -L.P  NO 

1.1-1. 3  x  2 

3.0  -4.0 

3.7  -4.1  background 

1.3-1. 5  x  2 

3.5  -3.7 

3.1  -3.5  NO? 

1.5-1. 8 

1. 0-2.0 

4.35-4.6  NO* 

4.20-4.32  C02 

14  InSb  detectors 

1 . 0-  2 . 0  Fas  t 

4.60-5.00  CO 

8  Ge  detectors 

4.0  -5.0 

7  PbSe  detectors 

TOTALS: 

71  detectois 
(8  fast) 

energies  and  because  chemiluminescent  emission  from  reactive  channels  which  can 
occur  only  at  suprathermal  energies  have  not  been  considered,  the  plotted 
emission  levels  are  extremely  uncertain. 

The  physical  package  of  the  radiometer  system  design  is  shown  in  Figure  142. 
Figure  143  outlines  the  relation  of  the  components  of  overall  system  as- 
configured  fot  a  Shuttle  payload.  Figure  144  provides  a  schematic  of  the 
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Figme  141.  Background  thermal  noise  in-band  with  chopping. 


powei  and  control  network  tor  the  radiometers.  Each  radiometer  channel  will 
have  its  own  amplification  and  signal  processing  circuits  so  as  to  minimize 
the  effects  of  single  component  failure.  A  diagram  for  a  InSb  signal  channel 
is  given  in  Figure  145.  The  flowchart  for  the  software  to  be  developed  to 
drive  radiometer  sequencing  is  shown  in  Figure  146.  Finally  a  list  of  the 
major  components  selected  for  inclusion  in  the  radiometer  package  is  given  in 
Table  ?6. 
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Figure  142.  Radiometer  package  -  cover  removed. 


Figure  143.  Radiometer  system  schematic. 
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Figure  145.  Schematic  InSb  amplifier  and  signal  processor 
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Figure  146.  Softvnie  structure. 
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The  radiometers  should  be  turned  on  as  early  as  possible  during  a  Shuttle 
mission.  At  early  times  the  outgassing  levels  are  the  highest  and  the  largest 
signal  levels  are  expected.  Data  late  in  the  mission  will  be  essential  for 
study  of  collisions  of  0  +  N2  and  baseline  isolation.  Continuous  operation  is 
preferred  so  that  sufficient  data  can  be  gathered  to  isolate  the  many  potential 
competing  processes  which  could  he  occurring  simultaneously.  This  highlights 
the  need  for  auxiliary  laboratory  studies.  The  optimum  flight  experiment  would 
he  at  as  low  an  altitude  as  possible  to  maximize  atom  concentration. 


TABLE  26.  Components  list  foi  radiometers. 


Optical  Part  List 


Device 

Model  Number 

Dual i f ica  t ion 

Stirling  cycle 
cooler 

Cryodynamics  M15-R 

MIL  and  NASA  spec  com¬ 
pliance-flown  on  STS61C 

Tuning  fork  chopper 

Philamon  30A5 

Rocket  and  Shuttle 

TnSb  detectors 
PhS/PbSe  detectors 
Si/Ge  detectors 

IR  Associates  Custom 

IR  Associates  Custom 

UDT  PIN- 3DP 

GOES,  TNSAT ,  TYCOS,  etc. 
GOES,  TNSAT,  TYCOS,  etc. 
Industrial  gradp 

CaF2  lenses 

Silicon  lenses 

Infrared  Optics  38115-CF 
38215-CF 

ESCO  Products  A120040 

UV  Grade  A  fuses  silicon 

Filters 
(55  required) 

Microcoatings  ) 

Cor  ion 

OCLI 

Ealing 

Spec t ragan  J 

39  standard  "stock" 
filters  plus  16 
custom-made  filters 

TABLE  26.  Concluded. 


Principal  Components 


Device 

Model  Number 

Oua 1 i f i ca  t i on 

Processor  board 
RS-42.2  serial  I /0 
board 

Analog  data 

Card  cage 

Prolog  7890  Model  A 
Prolog  7313 

Analog  Devices  RTI-1280 
Prolog  BX-12R 

Severe  industrial 

Severe  industrial 

Severe  industrial 

Severe  industrial 

Low  voltage  power 

Powercube  cold- line 
c i rki t  blocks 

Inrush  current 
limiter 

XIA609 

M  i  1/Space 

EMI  filter 

XF614 

M  i  1  /  Space 

Pre-regulator 

18SP50-S1/S2 

M i 1 /Space 

High  frequency 
generator 

18075V40 

Mi l /Space 

+5V  output  module 

5TR30 

M i ] /Space 

tl5V  output  module 

15TRC10 

Mil/Space 

High  voltage  power 
(100V) 

Venus  Scientific  C2T 

MIL -STD-810 

Integrated  Circuits 

Low  noi se  op  amp 

Burr  Blown  OPA17RSM 

MIL  STD  88  1 

Precision  quad 
op  amp 

Precision  monolith  its 

OP  4 00 AY 

MIL  STD  883 

Lock- in  ampl i f ier 

Analog  Devices  AD630BD 

MI  I.-STD-883 

Instrumentation  amp 

Analog  Devices  AD624C 

MIL- STD -88  1 

13.  SOLAR  SIMULATOR  1 NVESTI0AT1 ONS 


1  LI  EFFECTS  UPON  ULTRAVIOLET  AND  VIS1BLR  EL.ECTRON  INDUCED  FLUORESCENCE 

Lhr  LARCFDE  facility  vac  utilized  to  investigate  the  effects  of  solar  UV  and 
visible  light  upon  f 1  uni psepner  from  election  impart  excited  lahoiatory  ail. 
Ait  fluoiesceiue  vas  detected  between  100  and  800  nm.  Solar  UV-visible  liglit 
■..ms  supplied  by  a  commei  rial  Iy  available  (ORIEL)  solar  simulator.  Qualitative 
and  tpian t i t a t i ve  rompai isons  of  fluorescence  spectra  with  and  without  snlai 
UV  visible  iiiadiation  liave  been  peif  corned.  This  experimental  effort  was 
und't  taken  to  deteimine  if  solat  IIV  visible  liglit  pi  odiues  any  significant 
t  fleets  in  the  fluoiesceiue  signatuies  ole  <i  ved  in  the  distuihed  uppet 
a  t  mo s  plie  i  e  . 


1  1.1.1  Expei  irnenta  1 

The  fluoiesceiue  f i om  the  election  excited  room  temperature  air  was  viewed 
through  rlie  Ba Fy  window  located  at  the  upstieam  end  of  the  EARCEDF,  tank-.  The 
detection  system  optical  axis  was  perpendicular  to  the  election  beam.  A  0.1m 
McPherson  Model  218  monochroma t oi  equipped  with  a  1200  line/mm  grating  blared 
at  boo  nm  dispel sed  the  radiation  f t om  1(K)  to  R00  nm  to  a  MTV  R955  photomult i 
pliei.  A  Corning  1  74  order  sen  ting  filtei  was  used  in  scans  at  wavelengths 
gt eater  than  450  nm.  Synchronous  detection  was  performed  by  pulsing  the  elec¬ 
tion  beam  with  a  Wavetek  Model  132  squat e  wave  pulse  generator.  The  AC  compo 
nent  of  the  phot  omul t i pi i ei  signal  w as  fiist  processed  with  a  P.A.R.  Model  111 
i  orient  pieamplifiei  and  a  P.A.R.  Model  124  lock-in  amplifier.  The  in  phase 
signal  was  displayed  and  recoi ded  on  a  chat  t  recordei .  A  digitized  spec ti urn 
was  simultaneously  recorded  on  a  Compaq  personal  computer  system. 

The  original  configuration  of  the  Oriel  Solar  Simulator  Model  8551-7,  1000 
watt  lamp,  was  not  immediately  adaptable  to  the  LABCEDF,  experiment.  The 
simulator  was  designed  to  pioduce  the  desit ed  irradiance  at  a  maximum  wotking 
distance,  lens  to  target  plane,  of  only  a  few  inches.  Beyond  this  distance 


2  /'t 


the  photon  beam  diverged  rapidly  from  a  beam  waist  of  a  few  inches  in  diameter 
to  approximately  two  feet  in  diameter  at  1.5m  (the  diameter  of  the  vacuum 
chamber).  Furthermore,  the  photon  heam  uniformity  worsened,  showing  bright 
spots  due  to  the  focusing  of  each  individual  cylindrical  lens  within  the  fly's 
eye  collimation  lens  pair.  This  element  was  a  double  array  of  cylindrical 
lenses,  which  could  be  adjusted  to  slightly  modify  beam  focus  and  quality. 

The  solar  simulator  was  modified  by  PSI  and  AFGL  personnel  so  as  to  project  a 
horizontal  photon  beam  and  bench  tested  to  produce  a  collimated  uniform  beam. 
Initial  testing  involved  setting  up  a  display  screen  to  determine  visually  the 
photon  beam  shape,  uniformity  and  collimation.  In  stage  two  of  bench  testing 
the  display  screen  was  replaced  with  a  Scientech  surface  absorbing  laser  power 
meter  for  more  quantitative  measure  of  beam  properties.  A  variety  of  lens 
combinations  were  also  tested. 

From  this  exhaustive  bench  testing  it  was  determined  that  the  solar  simulator- 
provided  the  most  collimated,  highest  power  photon  beam  by  removing  the 
internal  fly's  eye  lenses,  and  moving  the  lamp  off  center  in  order  to  image 
the  blight  arc  region  of  the  lamp  onto  the  output  coupling  lens  of  the  simu¬ 
lator.  A  3  in.  diameter  quartz  lens  with  a  6-1/2  in.  focal  length  was  then 
utilized  to  further  collimate  the  beam.  This  arrangement  could  propagate 
90  percent  of  the  lamp  exit  plane  output  power  to  a  6  ft  distance.  Using  the 
air  mass  zero  filter,  which  simulates  the  solar  UV-visible  distribution  out¬ 
side  earth's  atmosphere,  a  power  density  of  95  mW/cm^  could  be  obtained  in  the 
center  1.5  in.  diameter  beam,  with  a  total  beam  diameter  of  3  in.  A  one  sun 
equivalent  air  mass  zero  power  density  is  approximately  130  mW/cm^.  Fig¬ 
ures  147a  and  b  show  the  unfiltered  and  AMO  spectral  distribution  from  the 
solar  simulator.  The  photon  flux  assuming  an  average  wavelength  of  5000A  is 
approximately  2.5  x  10^  photons/cm^s  in  the  central  1.5  in.  diameter  beam. 

For  comparison,  the  electron  flux  ranges  from  2.5  x  10^  to  1  x  10^  electrons/ 
cm^s.  The  interface  to  LABCEDF,  involved  the  design  and  fabrication  of  a  stand 
for  the  solar  simulator,  and  an  adjustable  lens  mount.  The  solar  simulator 
photon  beam  was  introduced  into  the  LABCEDF.  tank  through  a  quartz  window. 
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Figure  147.  These  curves  show  for  unfiltered  and  AMO  spectral 
distributions  from  the  solar  simulator. 
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The  photon  beam  crossed  the  electron  beam  at  an  angle  of  about  20  deg  near 
the  chamber  center,  and  emerged  out  of  the  vacuum  chamber  through  a  quart?, 
window  parallel  and  opposite  the  first  window.  Two  types  of  experiments  were 
performed  using  the  solar  simulator.  One  series  of  experiments  were  performed 
by  collecting  the  full  spectrum  with  (then  without)  the  photon  beam.  A  second 
series  of  solar  simulator  experiments  were  performed  with  the  electron  beam  on 
continuously  (20  mA)  and  the  photon  beam  being  chopped  at  40  Hz.  Synchronizing 
the  lock  in  amplifier  with  the  chopping  frequency  of  the  photon  beam  provided 
more  than  an  order  of  magnitude  greater  sensitivity.  Laboratory  air  was  intro¬ 
duced  by  opening  the  inlet  line  to  a  mass  flow  meter  calibrated  for  N2 ,  to  the 
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loom.  Air  mass  flows  of  176  and  187  seem,  N2  equivalent,  provided  an  operating 
pressure  of  1.2  and  20.0  mtorr,  respectively.  The  electron  energy  for  every 
experiment  was  4500  eV ;  the  current  ranged  from  5  to  20  mA  and  was  either  con¬ 
tinuous  or  square  wave  pulsed  at  200  Hz. 

11.1.2  Observations  for  Air  Retween  300  and  400  nm 

In  this  spectral  region  the  N2  +  (B'9£U+  Av=l,0  and  ^(C^r^-B^llg) 

Av-  3, -2, -1,0,1  hands  are  observed.  The  spectrum  obtained  by  pulsing  the  elec¬ 
tron  beam  without  either  BPD  or  solar  simulator  operative,  at  a  pressure  of 

1.2  mtorr  air  and  a  resolution  of  15. 6A  was  shown  previously.  Every  spectrum 
in  this  region  obtained  by  pulsing  the  electron  beam  showed  the  same  spectral 
features;  the  effects  of  igniting  BPD  and  irradiating  with  solar  UV-visible 
radiation  upon  the  vibrational  level  distributions  at  1.2  mtorr  produced  no 
detectable  changes.  The  populations  determined  from  the  theoretical  fit  are 
presented  in  Figure  148.  N 2 ( C 11^, )  v'=  4  and  N2+(b2eu+)  v'=4  levels  are  less 
accurately  determined  due  to  their  weak  signals  in  the  spectrum.  The  vibra¬ 
tional  level  distributions  in  the  spectra  with  and  without  photon  irradiation 
aie  identical  within  experimental  error. 

Two  spectra  were  obtained  by  chopping  the  photon  beam  at  40  Hz,  one  spectrum 
at  1.2  mtot l  with  BPD  operative  and  one  spectrum  at  20.0  mtorr  without  BPD. 
Neither  experiment  showed  a  meaningful  spectral  feature  above  the  noise  level. 
Since  the  photon  and  electron  fluxes  are  approximately  equal,  a  comparison  of 
the  signal  intensities  between  chopping  the  photon  beam  and  pulsing  the 
electron  beam  provides  an  approximate  upper  bound  on  the  cross  section  for 
photon  excitation  relative  to  electron  excitation.  In  this  spectral  region  we 
calculate 


^photons  <  2  x  1q-4 
elect  1011s 
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VIBRATIONAL  DISTRIBUTION 


Figure  148.  The  upper  state  vibrational  level  distribution  is  shown  with  and 
without  the  addition  of  solar  UV-visible  radiation.  The  data  was 
obtained  in  1.2  mtorr  air  in  the  300  to  400  nm  region  with  a 
resolution  of  1.56  nm.  The  electron  beam  was  pulsed  for  these 
observations . 


13.1.3  Observations  for  Air  Between  440  and  800  nm 


Six  spectra  were  collected  in  this  region.  Four  spectra  were  taken  at 
1.2  mtorr  pressure  and  two  spectra  at  20.0  mtorr.  The  low  pressure  spectra 
varied  by  having  no  BPD,  BPD,  BPD  and  solar  simulator  irradiation  while  puls¬ 
ing  the  electron  beam  and  a  spectrum  with  both  BPD  and  solar  simulator  present 
while  chopping  the  photon  beam.  At  20.0  mtorr  without  BPD  one  spectrum  was 
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obtained  by  pulsing  the  election  beam  and  one  was  obtained  by  chopping  the 
photon  beam. 

The  band  system  distributions  obtained  with  and  without  solar-UV,  visible 
radiation  at  1.2  mtorr  with  BPD  and  electron  beam  pulsing  is  presented  in 
Figure  149.  The  corresponding  vibrational*  level  distributions  are  presented 
in  Figures  150  and  151.  In  every  case,  the  distributions  are  identical  with 
and  without  solar  UV-visible  irradiation.  The  one  spectrum  obtained  at  low 
pressure  while  chopping  the  photon  beam  contained  no  features  above  the  noise 
level.  The  high  pressure  spectrum  obtained  with  electron  beam  pulsing  shows 
the  same  features  as  observed  at  low  pressure,  and  once  again  the  photon  beam 
chopped  spectrum  contained  no  meaningful  features.  A  comparison  of  signal 
intensities  at  low  and  high  pressure  with  electron  beam  pulsing  and  photon 
beam  chopping  gives  a  cross  section  ratio 

qphotons  <0l 
^electrons 

Recall,  that  in  the  300  to  400  nm  region  that  ratio 

<  2  x  1CT4  . 

electrons 

This  does  not  represent  a  discrepancy  between  the  two  spectral  regions  because 
different  band  systems,  i.e.,  excitation  pathways,  dominate  in  the  two  spect¬ 
ral  regions.  No  solar  effects  were  observed  in  either  region;  signal  levels 
in  the  UV  region  allowed  a  stronger  lower  bound  to  be  established. 

13.1.4  Conclusion  of  Visible  Experiments 

Clearly,  the  conclusion  to  be  drawn  from  this  set  of  experiments  is  the  effect 
of  solar  UV-visible  light  on  the  fluorescence  arising  from  air  irradiated  by 
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Figure  149.  This  figure  shows  the  band  system  distributions  obtained  with  and 
without  solar  UV-visible  radiation.  The  data  was  obtained  in 
1.2  mtorr  air  in  the  440  to  800  nm  region  with  a  resolution  of 
1.56  nm.  The  electron  beam  was  pulsed  for  these  observations. 


electrons  is  small.  A  comparison  of  electron  pulsing  experiments  with  photon 
chopping  experiments  in  the  two  spectral  regions  sampled  provide  an  upper 
bound  for  the  ratio  of  the  photon  excitation  cross  section,  ffphoton*  to  the 
electron  excitation  cross  section,  ^electron*  This  ratio  was  calculated  to 
be  2  x  10~ *  and  1  x  10"1  in  the  300  to  400  nm  and  440  to  800  nm  regions, 
respectively.  Although  no  significant  effect  of  solar-UV,  visible  light 
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Figure  150.  This  figure  presents  the  upper  state  vibration  level  distribution 
both  with  and  without  the  presence  ot  solar  tJV  visible  radiation. 
The  data  was  obtained  by  irradiating  1.2  m’orr  of  air  witli  a 
pulsed  electron  beam.  The  spectrum  covers  the  440  to  800  nm 
region  and  has  a  resolution  of  1.56  nm. 


was  observed  in  the  visible  fluorescence  of  electron-impact  excited  air,  it 
may  still  play  an  important  role  in  the  fluorescence  observed  in  the  infrared 
region. 
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13.2  EFFECTS  UPON  IR  ELECTRON-INDUCED  FLUORESCENCE 


The  LABCEDE  facility  was  also  utilized  to  investigate  the  effects  of  solar  UV 
and  visible  light  upon  infrared  fluorescence  from  electron  impact  excited 
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Figure  151 . 


This  figure  presents  the  upper  state  vibrational  level  distribution 
with  and  without  solar-UV,  visible  radiation.  The  data  was 
obtained  by  irradiating  1.2  mtorr  of  air  with  a  pulsed  electron 
beam.  The  populations  are  deermined  by  a  least-squares  fitting  of 
theoretical  spectra  to  the  data  in  the  visible  region. 


n i t 1 ogen/oxygcn  mixtures.  Detection  of  the  air  fluorescence  was  performed  in 
the  infrared  from  2.3  to  6.5  pm  using  a  liquid  helium  cooled  circular-variable- 
filter  (CVF).^’^  The  solar  UV  visible  light  was  generated  with  the  Oriel 
solar  simulator  described  previously.  This  effort  was  undertaken  to  determine 
if  .solar  UV-visible  light  will  produce  any  significant  effects  in  the  fluores- 
cence  signatures  observed  in  the  disturbed  upper  atmosphere. 


13.2.1  Instrumental 


The  fluorescence  from  the  photon/electron  excited  liquid  nitrogen  cooled  gas 
mixtures  vas  viewed  through  a  KRS-5  window  located  at  the  upstream  end  of  the 
LABCEDE  tank.  The  detection  system  optical  axis  vas  perpendicular  to  the 
electron  beam,  and  the  solar  simulator  photon  beam  crossed  the  electron  beam 
at  an  angle  of  about  20  deg  near  the  tank  center,  emerging  out  of  the  tank 
through  a  quartz  window  parallel  and  opposite  the  first  window.  The  CVF  was 
mounted  to  the  LABCEDE  tank  with  a  series  of  silicon  0-ring  flanges  and  com¬ 
pression  fittings  designed  to  provide  vacuum- t igh t  seals  at  reduced  tempera¬ 
tures.  In  order  to  make  use  of  the  liquid  helium  temperature  CVF,  it  is 
necessary  to  cool  all  surfaces  in  the  entire  field  of  view  of  the  CVF  to 
liquid  nitrogen  temperatures.  The  LABCEDE  shroud  was  cooled  from  300  K.  to 
~  90  K  with  a  slow  flow  of  liquid  nitrogen  through  the  shroud  cyrogen  recircu¬ 
lation  system.  The  gases  are  cooled  in  a  liquid  nitrogen  temperature  heat 
exchanger  prior  to  entering  the  shroud  volume.  The  CVF  detector  (As.'Si)  and 
filter  wheel  are  cooled  with  liquid  nitrogen  overnight  then  with  liquid  helium 
on  the  morning  prior  to  afternoon  data  collection.  It  was  feared  that  the 
quartz  windows  would  admit  sufficient  thermal  emission  to  saturate  the  CVF 
detector  in  the  short  wavelength  infrared.  This  was  not  the  case.  The  CVF 
wheel  contains  four  filter  segments  corresponding  to  the  wavelength  regions 
2.3  to  3.6  pm,  4.0  to  6.8  ym,  9.3  to  11.1  ym,  and  13.4  to  15.0  ym,  hereon 
referred  to  as  the  SWIR,  MWIR,  LVIR  (10  ym),  and  LVIR  (14  ym)  regions, 
respectively. 

The  resolution  in  the  CVF  SWIR  and  MWIR  wheel  segments  vas  determined  from  the 
FUHM  of  0-atom  lines  to  be  2.0  and  4.6  percent  of  the  wavelength,  respectivel- 
y.  Synchronous,  rime  dependent  detection  was  performed  by  chopping  the  photon 
beam  with  a  variable  speed  mechanical  chopper  or  pulsing  the  electron  beam 
with  a  General  Radio  Model  1217B  pulse/waveform  generator.  Signal  from  the 
CVF  detector  was  first  processed  with  a  P.A.R.  Model  113  preamplifier  then 
digitized,  averaged,  and  stored  on  the  disc  of  a  PDP  11  computer  system.  Time 
dependent  spectra,  uncorrected  for  detector  response,  were  displayed  on  the 
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screen  of  the  laboratory  Apollo  computer  following  a  data  file  transfer  to 
that  device.  This  data  file  transfer  provided  access  to  a  magnetic  tape  drive 
for  transporting  the  data  to  PSI  for  reduction  and  analysis.  Wavelength  selec¬ 
tion  and  scans  were  performed  on  command  from  the  PDP  11  to  a  stepping  motor 
and  associated  controller  attached  to  the  CVF.  The  minimum  step  size  ranges 
from  one  third  to  one-fifth  of  a  resolution  element  in  the  SUIR,  MWIR  wave¬ 
length  regions. 

Using  the  air  mass  zero  filter,  which  simulates  the  solor  UV-visible  distribu¬ 
tion  outside  earth's  atmosphere,  a  power  density  of  95  mU/cm^  could  be  obtained 
in  the  center  1.5  in.  diameter  beam,  with  a  total  beam  diameter  of  3  in.  A 
one  sun  equivalent,  ait  mass  zero  power  density  is  approximately  130  mW/crn^. 

The  photon  flux  assuming  c»u  average  wavelength  of  5000A  is  approximately 
3.5  x  It)1'  photons/cnrs  in  the  central  1.5  in.  diameter  beam.  For  comparison, 
the  electron  flux  ranges  from  2.5  10^  to  1  x  10^®  el  ec  t  rons/cm^s . 

1  1.2.2  T.xpe  i  i  m«-n  t  a  1 

Two  types  of  expel i moots  were  performed  using  the  solar  simulator.  First, 
the  PDP  11  computer  was  used  as  a  lock  in  signal  averager  while  the  CVF  wheel 
was  manually  rotated  through  the  SWIR,  MUIR  wavelength  regions.  Second,  the 
PDP  11  computer  was  utilized  to  command  tire  CVF  wavelength  scans,  signal  aver¬ 
age,  and  record  time  dependent  spectra.  In  both  cases  the  experiments  were 
performed  by  chopping  the  solar  simulator  photon  beam,  and  triggering  the  data 
collection  with  the  response  from  a  photodiode  synchronized  to  the  chopper. 

The  chopper  frequencies  tanged  from  12  to  13  Hz  with  a  symmetric  square  wave 
pulse  width  of  11  or  41  ms.  lit  all  experiments  the  electron  beam  was  run  D.C. 
at  constant  conditions  with  atr  energy  of  4.5  KeV  and  a  current  in  the  range  of 
13.D  to  19.6  mA.  A  series  of  experiments  weie  performed  with  20  percent 
oxygen,  80  pet  rent  nitrogen  at  a  total  pressure  of  5.0  mtorr,  and  a  relatively 
fast  flow  Spectral  scans  were  performed  in  the  SWIR  and  MWIR  regions  with 
and  without  RPD  occurring  and  also  in  time  dependent  end  non  time-dependent 
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data  collection  modes.  A  second  series  of  experiments  were  performed  at  a 
later  date  with  4  percent  oxygen,  96  percent  nitrogen  at  a  total  pressure  of 
15.5  mtorr,  and  slow  flow  conditions.  Control  experiments  were  performed  by 
pulsing  the  electron  beam  at  the  same  rate  and  experimental  conditions  with 
the  solar  simulator  shutter  closed.  Peak  electron  current  was  similar  to  the 
D.C.  electron  current. 

13.2.3  Observations  of  Fluorescence  Changes  in  the  SWIR  Wavelength  Region 

Figures  152  through  154  show  the  SW1R  spectra  collected  with  20  percent 
oxygen,  80  percent  nitrogen  at  5  mtorr  pressures  for  fast  flow:  1)  utilizing 
time  dependent  collection  with  BPD;  2)  manual  scan  with  BPD;  and  3)  time 
dependent  without  BPD,  respectively.  The  only  significant  spectral  signature 
in  the  range  from  2.3  to  2.8  pm  can  be  attributed  to  scattered  light  f i om  the 
solar  simulator.  The  signal  intensity  cutoff,  at  2.8  pm  corresponds  to  the 
wavelength  transmission  cutoff  for  the  UV  grade  quartz  windows  providing  access 
for  the  solar  simulator  photon  beam.  Figure  155  presents  an  SU1R  spectra  for 
a  20/80  mixture  of  O2/N2  under  similar  experimental  conditions  when  pulsing 
the  e-beam  without  using  the  solar  simulator.  Two  aspects  are  evident.  Scat 
tered  room  light  out  to  the  2.8  pm  window  cutoff  is  insignificant  in  comparison 
to  the  real  spectral  features.  Because  no-window- t ransmi t ted  emission  is 
observed  in  the  normal  fluorescence  data,  any  contribution  from  photon  excita 
tion  effects  is  smaller  than  the  above  mentioned  scattered  room  light.  A 
comparison  of  absolute  signal  levels  suggests  the  ratio  of  cross  sections  fm 
photon  excitation  to  electron  excitation  must  be  less  than  or  equal  to  8  x  10  *’ 

q  Photons  <0.08 
elec  t  tons 


Corrections  for  electron  current  differences  have  been  taken  into  account. 
SVIR  data  for  4  percent  O2  in  N2  is  identical  to  the  20  percent  <)a  in  Na  data 
and  gives  essentially  the  same  cross  section  ratio. 


Figure  152.  SWTR  spectra  for  5  mtorr  pressure  of  20  percent  oxygen,  80  percent 
nitrogen  with  BPD  taken  in  time  dependent  data  collection  mode, 
performed  by  chopping  the  solar  simulator  photon  beam.  Peak 
intensity  is  ~  2.8  x  10“®  W/cm^  sr  pm. 

13.2.4  Observations  in  the  MWTR  Wavelength  Region 

Figure  156  shows  a  typical  spectra  in  the  MWIR  for  a  5  mtorr  20/80  mixture 
of  O2/N2  taken  by  chopping  the  solar  simulator.  No  significance  can  lie  placed 
on  any  feature.  A  comparison  with  2.0/80  mixtures  of  O2/N2  at  similar  condi 
tions  by  pulsing  the  electron  beam  without  using  the  solar  simulafot  suggests 
the  cross  section  ratio  for  photon  versus  electron  excitation  is  less  than  or 
equal  to  3  x  10  when  corrected  for  electron  current  differences 
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Figure  153.  SVIR  spectra  under  the  same  conditions  as  Figure  152  except 
taken  in  the  manual  data  collection  mode.  Peak  intensity  is 
~  5.8  x  10-7  W/cm2  sr  pm. 

_pho£on_  <  o  .03 
elec  t  ron 

The  MWIR  air  spectrum  obtained  by  electron  beam  pulsing  is  dominated  by  NO 
fundamental  emission  at  5.7  pm.  Figure  lo7  shows  this  emission  for  the 
4  percent  O2  in  N2  data  set.  The  spectra  obtained  by  chopping  the  photon  beam 
for  4  percent  O2  in  N2  is  once  again  unassignable.  A  comparison  of  signal 
intensities  suggests  the  cross  section  ratio 
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Figure  154.  SWIR  spectra  with  the  previous  gas  conditions,  except  without 
BPD  ignited,  taken  in  time  dependent  data  collection  mode. 
Peak  intensity  is  ~  2.9  x  10~°  W/cm^  sr  cm^. 

^_pho_ton_  ^  o.009 
electron 

to  be  less  than  9  x  10-^.  The  lowering  of  this  cross  section  ratio  for 
4  percent  O2  in  N2  is  believed  to  be  due  to  changes  in  noise  levels  of  the 
detector  from  data  set  to  data  set  and  the  difference  in  NO  production  rates 
by  lowering  the  O2  fraction.  Future  work  may  be  required  to  fully  elucidate 
the  relevant  factors. 


1.00 


Figure  155.  SWIR  spectra  at  the  same  gas  conditions  as  before,  with  BPD 
ignited,  however  performed  by  pulsing  the  electron  beam  with 
the  solar  simulator  off.  Peak  intensity  is 
-  8,5  x  10“^  W/cm^  st  um. 


11.1  CONCLUSIONS 

A  comparison  of  electron  pulsing  experiments  with  photon  chopping  experiments 
in  the  SWIR,  MUIR  spectral  regions  provide  an  upper  bound  for  the  tatio  of  the 
photon  excitation  cross  section,  crp|10 1 on ’  r°  the  electron  excitation  cross 
section,  ^electron-  This  ratio  was  calculated  to  he  8  x  10“?  and  0.000 
to  0.03  in  the  SWIR  and  MWIR  regions,  respectively.  (The  upper  hound  fot  the 
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MUIR  spectra  at  5  niton  of  a  ?0/8()  percent  mixture  of  with 

BF’D,  taken  in  time  dependent  data  collection  mode,  performed  by 
chopping  the  solar  simulator.  The  peak  intensity  is 
~  5.h  x  10-l(l  U/cm^  st  pm. 


LAMBDA  (microns) 


A-Sr06 

MUIR  spectia  at  4  percent  (*2  in  N2  without  BPD,  taken  in  time 
dependent  data  collection  mode  by  pulsing  the  electron 
beam  with  the  solai  simulator  off.  The  dominant  feature 
can  he  assigned  to  NO  fundamental  emission. 
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ratio  of  cross  sections  into  the  SVIR  may  be  even  smaller  than  measured  since 
the  scattered  light  from  the  solar  simulator  prohibited  us  from  using  the  full 
sensitivity  range  of  the  CVF  detector  in  this  wavelength  region.)  The  only 
conclusion  to  be  drawn  from  these  observations  is  that  the  effect  of  solar 
UV-visible  light  on  the  air  fluorescence  generated  by  electron  impact  excita¬ 
tion  in  the  IR  up  to  6.9  pm  is  small. 

Between  0.3  to  6.0  pm,  no  solar  induced  effect  on  molecular  fluorescence  was 
observed.  Only  upper  bounds  on  excitation  cross  sections  could  be  made.  They 
were  found  to  be  less  than  10  percent,  2  x  10“^  percent,  8  percent,  0.9  percent 
in  the  0.3  to  0.4  pm,  0.44  to  0.8  pm,  SVIR,  MVIR  regions  in  comparison  to 
electron  excitation  cross  sections. 
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14.  ELECTRON  BEAM  GROWTH  MODELING  INCLUDING  ELASTIC  AND  INELASTIC 
SCATTERING  AND  CONTRIBUTION  FROM  FAST  SECONDARIES 

14.1  INTRODUCTION 

When  an  electron  beam  passes  through  nitrogen  gas,  the  beam  will  spread 
radially  as  a  result  of  elastic  and  inelastic  collisions  of  the  electrons. 

The  total  cross  section  for  inelastic  collisions  is  comparable  with  the  cross 
section  for  elastic  collisions  for  electrons  with  energies  of  2  to  6  keV  inci¬ 
dent  upon  nitrogen  gas.  Thus  we  may  expect  that  inelastic  collisions  will 
contribute  to  the  spreading  of  the  electron  beam  as  i t  passes  through  the  gas. 
In  addition  some  of  the  secondary  electrons  produced  will  have  enough  energy 
to  excite  391  nm  radiation.  In  this  section  we  shall  discuss  how  a  numerical 
simulation  was  undertaken  to  assess  the  relative  importance  of  these  processes. 
We  shall  give  details  of  the  cross  section  and  angular  distribution  calcula¬ 
tions,  and  present  a  comparison  of  the  simulation  results  with  the  experimental 
data.  In  this  manner  we  shall  assess  the  ability  of  previous  measurements  and 
calculations  to  reproduce  the  trends  observed  in  our  experimental  measurements. 

14.2  SIMULATION  DESCRIPTION 

For  each  primary  electron  energy  the  simulation  is  done  in  two  parts.  First  we 
estimate  the  contribution  to  391  nm  excitation  from  fast  secondary  electrons, 
and  then  we  find  the  contribution  from  the  scattering  of  the  primary  beam.  In 
a  Monte  Carlo  simulation,  we  find  the  contribution  from  the  primary  beam  by 
following  the  trajectories  of  some  8000  primary  electrons.  Each  primary 
electron  is  assumed  to  start  with  an  energy  equal  to  the  primary  energy  at  z=0 
and  r=(x2+y2)0-5  _  q,  with  the  electron  traveling  directly  down  the  z  axis. 

The  total  cross  section,  =  a^n  +  aei»  is  the  sum  of  the  inelastic  and 

elastic  cross  sections  calculated  for  an  electron  with  an  energy  Eg-  This 
total  cross  section  is  used  with  the  nitrogen  number  density  n^  to  find  the 
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path  length  traveled  before  the  next  collision.  This  length  is  found  by  using 
a  random  number  R  from  a  uniform  distribution  between  0  and  1  in  the  relation 


1 


ln(R)/(cr  n.,  ) 
v  v  tot  N  ' 


(61) 


This  length  is  used  with  the  direction  cosines  of  the  electron  velocity  vector 
to  find  the  x,v,z  coordinates  of  the  collision.  At  eacli  collision,  another 
random  number  between  0  and  1  is  selected  to  determine  the  nature  of  the  colli¬ 
sion.  If  this  numbei  is  less  than  the  fraction  of  collisions  that  is  elastic 
(which  is  equal  to  ®el/atot)>  then  the  collision  is  taken  as  elastic.  If  the 
numbei  is  larger,  then  the  collision  is  taken  as  inelastic  and  the  random 
numbei  is  used  to  select  the  inelastic  channel  is  excited.  Here  is 

considered  to  lie  given  by 

atot  ‘  CTel  +  z  CTj  (E0>Ej)  -  (6?) 

where  aj  (Eq.Ej)  is  the  inelastic  cross  section  for  transfer  of  an  energy  Ej 
to  the  nitrogen  molecule.  In  practice  we  only  used  a  limited  number  of  Ej 
values,  with  one  value  (12  eV)  to  simulate  excitation  and  several  values  to 
lepresent  ionization.  These  values  were  taken  to  be  the  ionization  potential 
(I  -  13.6  eV)  plus  representative  secondary  electron  energies  of  2,  10,  18, 

24,  30,  45,  80,  120,  180,  400,  900,  and  2000  eV.  The  maximum  secondary  elec 
iron  energy  in  a  collision  of  an  electron  with  an  initial  energy  of  Eq  is 
given  by  0.5  (Ep  I). 

If  the  collision  is  elastic,  we  find  the  new  direction  cosines  of  the  electron 
by  taking  two  more  random  numbers,  one  to  give  the  azimuthal  scattering  angle 
<t>  (which  is  uniformally  distributed  between  0  and  2rt),  and  one  to  give  the 
deviation  from  the  original  direction  0.  The  0  angle  is  found  by  integrating 
the  angular  distribution  crej  (Eq,0)  times  2n  sin(0)d0  to  give  a  uniform 
probability  between  0  and  the  total  elastic  cross  section.  The  integrated 
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distribution  is  used  with  a  random  number  to  select  the  value  of  the  scattering 
angle  0  corresponding  to  the  fraction  of  In  this  way  we  allow  backscat- 

tering  to  occur,  since  0  varies  between  0  and  it.  This  sequence  represents  the 
study  of  one  collision.  A  new  path  length  is  then  found,  and  the  trajectory 
is  followed  until  the  electron  passes  outside  the  range  of  interest.  The 
range  of  interest  is  z  values  from  -8  cm  to  zmax,  where  zmax  is  50,  70,  80, 
or  90  cm  for  Eq  values  <  2,  2,  4.5,  or  6  keV,  respectively. 

If  the  collision  is  inelastic,  we  find  the  new  direction  cosines  in  a  similar 
manner,  except  we  use  the  inelastic  angular  distribution  oj  (Eq,Ej,0)  for 
scattering  by  an  inelastic  collision  that  transfers  an  energy  E j .  In  addi¬ 
tion,  we  recalculate  crt 0 1  at  the  new  value  of  Eq  for  use  in  finding  the  path 
length  between  collisions.  If  the  electron  energy  decreased  significantly  in 
the  collision  (i.e.,  if  it  has  lost  approximately  30  percent  of  the  initial 
energy),  then  the  angular  distributions  for  elastic  and  inelastic  scattering 
are  changed  to  correspond  to  the  smaller  Eq  value. 

The  contribution  of  fast  secondary  electrons  to  excitation  of  391  nm  radiation 
is  estimated  by  finding  the  contribution  produced  by  a  limited  number 
(100  to  800)  of  primary  electrons.  For  these  primary  electron  trajectories, 
we  find  the  direction  cosines  of  the  secondary  electron  and  the  coordinates  of 
the  point  of  formation.  The  direction  cosine  is  selected  from  the  collision 
and  the  angular  distribution  for  production  of  secondaries,  which  is  evaluated 
from  the  values  of  Eq  and  Ej  used  at  each  collision.  The  effect  of  this  fast 
secondary  is  found  using  the  results  of  the  previous  calculation  where  the  pri¬ 
mary  energy  was  the  same  as  this  fast  secondary.  That  is,  in  an  earlier  calcu¬ 
lation  we  determined  the  excitation  of  391  nm  radiation  as  a  function  of  z  and 
r,  and  this  result  gives  the  contribution  for  a  fast  secondary  electron.  We  do 
this  by  finding  the  z',r'  coordinates  (in  the  cylindrical  coordinate  system 
along  the  direction  of  the  fast  secondary)  of  each  region  of  r  in  the  z=50  cm 
plane  (of  the  primary  beam),  where  we  want  to  compare  with  data.  In  practice 
we  compute  this  contribution  and  the  primary  contribution  at  a  series  of  planes 
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for  z  values  from  -4  to  50  cm.  We  start  the  calculation  using  primary  elec¬ 
trons  that  have  low  energies.  For  each  higher  primary  energy  we  add  the  effect 
of  secondaries  with  lower  energies  to  that  of  the  primaries.  Thus  the  second 
ary  electron  contribution  will  include  the  contribution  of  the  tertiary  (and 
higher  order)  electrons  produced  by  the  secondaries.  This  is  because  we  only 
consider  secondary  electrons  with  fixed  initial  energies  and  we  calculate  the 
combined  effect  of  those  primary  electrons  plus  the  secondaries  (with  energies 
of  24  eV  or  more)  produced  by  the  primaries.  Thus  the  calculation  for  80  eV 
primaries  includes  contributions  from  the  24  and  30  eV  secondaries,  so  when  we 
later  form  an  80  eV  secondary,  the  contribution  we  use  will  include  the  effects 
of  the  24  and  30  eV  tertiaries. 

At  each  primary  electron  energy,  we  calculate  the  G(r)  distribution  of  the 
391  nm  excitation  from  both  the  primary  electron  and  the  fast  secondaries. 

This  contribution  is  calculated  at  z  values  of  -4,  -1,  -0.001,  0,  1,  2,  4,  A 
10,  15,  20,  30,  and  50  cm.  At  each  z  value  the  contribution  to  G(r)  per  inci¬ 
dent  primary  electron  is  found  for  r  values  in  rings  5  mm  wide.  These  data 
are  stored  by  keeping  the  individual  values  for  the  four  rings  with  r  <  20  mm, 
and  the  data  for  the  larger  r  values  are  fit  by  three  lines,  where  log(G)  is 
fitted  as  a  linear  function  of  r  for  the  three  ranges  of  15  to  60,  45  to  105, 
and  85  to  150  mm.  When  the  primary  electron  is  calculated,  the  range  of  the 
excitation  of  391  nm  radiation  is  found  for  both  the  z  and  r  coordinates.  This 

range  is  taken  as  the  point  at  which  the  excitation  of  391  nm  radiation  per 

unit  area  is  reduced  to  0.0005  of  the  value  on  axis  at  z  =  0.  When  the  contri¬ 
bution  of  the  fast  secondaries  is  calculated,  no  contribution  is  considered  for 

z'  or  r'  values  beyond  this  range.  This  has  the  advantage  of  speeding  the  cal¬ 
culation  by  skipping  those  secondaries  that  will  not  contribute  significantly 
to  excitation  because  they  are  too  far  away,  and  it  also  means  that  it  is 
seldom  necessary  to  extrapolate  r  values  beyond  150  mm. 

As  a  result  of  the  angular  distributions,  backsca t tered  electrons  are  only 
important  for  electrons  with  Eq  values  less  than  900  eV,  and  these  electrons 
have  only  a  modest  range.  Less  than  12  percent  of  the  original  beam  reaches 
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z  =  -4  cm.  The  electron  scattering  into  negative  z  values  is  given  to  esti¬ 
mate  the  effect  of  backseat  ter ing . 

The  key  physical  inputs  into  the  simulation  are  the  values  of  absolute  cross 
sections  ae^  (Eg)  and  aj  (Eg,Ej),  the  relative  cross  sections  for  angular 
scattering  aef  ( E  j ,  ©)  and  ain-j  (Eg,Ej,0),  the  relative  cross  section  for 
producing  a  fast  secondary  electron  at  an  angle  0S,  osec  (Eg,Ej,0s),  and  the 
relative  cross  sections  for  excitation  of  391  nm  radiation  0393  (Eg).  In  the 
next  subsections,  we  shall  discuss  our  choices  for  each  of  these  values. 

14.3  ABSOLUTE  CROSS  SECTIONS  FOR  ELASTIC  AND  INELASTIC  SCATTERING 

The  absolute  cross  sections  (together  with  the  gas  number  density)  are  the 
parameters  that  determine  the  length  of  the  path  between  collisions  as  well  as 
the  distribution  of  energy  losses  produced  in  inelastic  collisions.  We  need  a 
general  prescription  for  determining  ae\  (Eg),  and  o{n  (Eg,j)  for  wide  ranges 
of  Eg  and  E j .  For  this  purpose  we  have  used  the  expression  from  Jackman  and 
Green  (JG)^1?  for  aef  and  the  expression  given  by  Porter,  Jackman,  and  Green 
(PJG)17G  for  CTjn.  These  expressions  give  values  that  compare  with  the 
recommended  values  given  by  Itikawa,  et  al.^^  to  within  10  to  20  percent,  as 
shown  in  Figure  158.  In  the  results  section,  we  shall  show  that  sensitivity 
studies  indicate  that  changes  of  that  magnitude  for  any  one  cross  section  have 
a  relatively  minor  effect  on  the  simulation.  We  have  also  compared  the  differ¬ 
ential  cross  section,  d<Jfon  (Eg,Ej)/dEj,  for  producing  a  secondary  electron 
with  an  energy  (Ej  -  15.6)  eV  with  Figure  9.8  in  Itikawa  et  al.l^l  Here  our 
values  usually  are  some  5  to  15  percent  high.  However  at  Eg  =  50  eV,  our  cal¬ 
culations  are  as  much  as  100  percent  larger  than  the  recommended  values  for 
production  of  slow  secondaries. 

14.4  ELASTIC  SCATTERING  ANGULAR  DISTRIBUTION 

The  relative  differential  scattering  cross  section  aef  (Eg,0)  determines 
the  distribution  of  the  angular  scattering  by  elastic  processes  where  the 
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Figure  158.  Summary  of  the  cross  sections  for  the  electron  collision  with  N  2  - 


electron  energy  Eg  is  unchanged  during  the  collision.  We  have  used  either  the 
general  prescription  for  (Eg,©)  given  by  Jackman  and  Green^^  or  modifica¬ 
tions  of  this  distribution  where  the  contribution  from  small  angles  is 
diminished.  For  fast  electrons,  the  main  feature  of  the  distribution  is  a 
logarithmic  decline  of  ae}  as  the  value  of  0  increases,  a  result  of  Ruthei ford 
scattering  of  the  incident  electron  from  the  positive  nucleus  of  the  nitrogen 
atom.  This  is  shown  in  Figure  159,  which  compares  experimental  data  at  1  teV 
(Herrmann  et  al.^2  and  Jansen  et  al.^3)  with  the  JG  formula  results  and  with 
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Figure  159.  Differential  elastic  cross  section  at  1  keV.  The  dashed  line 
shows  data  of  Herrmann  et  al.^2  The  bottom  solid  line  is  the 
form  given  by  Jackman  and  Green,  169  and  the  other  two  lines  are 
modifications  used  to  test  sensitivity  to  a  flatter  distribution. 


modified  versions.  The  modifications  examined  the  sensitivity  to  changes  in 
the  relative  shape  of  the  angular  distribution  of  cte^.  The  changes  both 
involved  reducing  the  contribution  from  small-angle  scattering.  The  experi¬ 
mental  data  ate  reported  only  for  0  >  3  deg,  and  one  modification  was  a  minor 
change  to  simply  cutoff  the  distribution  so  that  ae|  is  constant  for  0  <  3  deg 
and  fits  the  JG  formula  for  larger  0.  This  choice  is  thus  consistent  with 
existing  data.  A  more  extreme  flattening  modification  was  to  make  aej 
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constant  for  0  <  10  deg  and  to  shift  the  JG  formula  by  5  deg;  so  that  the 
calculation  uses  ae^  (egt  0-5  deg)  for  0  >  10  deg.  The  y  axis  for  the 
experimental  data  has  been  arbitrarily  adjusted  in  Figure  13.  Shifting  the  y 
axis  shows  that  the  data  also  agree  reasonably  well  with  the  10  deg- flat tened 
distribution,  except  for  3  <  0  <  10  deg. 

14.5  INELASTIC  SCATTERING  ANGULAR DISTRIBUTION 

The  inelastic  scattering  is  also  simulated  by  known  cross  section  and  the 
relative  angular  distribution.  Here  we  focus  on  the  relative  values  for  ajnj 
(E0,Ej ,0) .  The  inelastic  scattering  of  electrons  can  be  considered  to  result 
from  two  processes.  One  process  is  the  small-angle  scattering  that  occurs 
when  the  collision  has  a  large  impact  parameter  where  the  molecule  is  excited 
by  an  interaction  with  the  time-varying  electric  field  produced  by  the  motion 
of  the  electron.  Here  the  molecule  responds  to  the  motion  of  the  electron  in 
the  same  way  that  it  interacts  with  a  photon.  This  process  is  dominated  by 
the  optical  oscillator  strength  df(E)/dE  divided  by  E.  These  virtual- photon 
excitations  correspond  to  small  values  of  momentum  transfer,  which  is  also 
consistent  with  this  process  occurring  at  large  impact  parameters.  The  other 
process  contributing  to  electron  scattering  is  the  hard  collisions  where  the 
incident  electron  essentially  has  a  binary  collision  with  one  of  the  electrons 
that  surround  the  molecule.  In  the  hard  collision  there  is  an  exchange  of 
momentum  between  the  two  electrons. 

Both  of  these  processes  can  be  described  in  a  consistent  manner  by  extending 
the  concept  of  the  oscillator  strength  to  allow  for  non-zero  momentum 
transfer.  Thus,  we  use  the  generalized  oscillator  strength  (GOS)  given  by 

df (E,Q)/dE  =  [ (m/M) 2/ ( 4Z2  an2 )  )  ( 1 - ( m/M )  (E/C0))-°-5  Q  . 

(E/R2)  (dff/dw)  (61) 
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where  m  is  the  mass  of  the  election,  M  is  the  molecular  mass,  Z  is  the  charge 
on  the  nucleus,  aQ  is  the  Bohr  radius,  R  is  the  Rydberg  constant,  Q  =  (Ka0)2, 

Krh  is  the  magnitude  of  the  momentum  transfer  of  the  incident  electron  in  the 
col  1  is  ion ,  is  Planck's  constant  divided  by  211,  and  go  is  the  solid  angle  into 

vhich  the  electron  is  scattered  in  the  center  of  mass  coordinate  system 
(Inokuti).!^  The  square  of  the  momentum  transfer  0  is  related  to  the  scatter¬ 
ing  angle  by 

()  -  2(F,0/R)(M/m)2  {1  U.5(m/M)(F/En)-[l-(m/M)(E/E0)|0-5  cos©}  .  (64) 

rnokuti^2^  points  out  several  interesting  properties  of  COS.  A  three- 
dimensional  plot  of  the  GOS  versus  the  axes  of  E  and  the  logarithm  of  Q  gives 
the  Bethe  surface.  The  total  cross  section  for  transfer  of  an  energy  E  is  then 
given  by  the  area  under  the  Bethe  surface  at  that  value  of  E,  with  the  limits 
of  integration  on  the  ln(Q)  axis  determined  by  the  energy  and  momentum  conser¬ 
vation.  These  limits  are  given  in  F.q .  (64)  by  using  the  values  of  0  and  It  for 
0.  Thus  a  knowledge  of  the  GOS  defines  the  angular  scattering  cross  section. 

Equation  (61)  can  lie  consideied  to  define  an  effective  GOS  when  experimental  a 
values  are  substituted  on  the  tight  hand  side.  These  effective  GOS  are  func¬ 
tions  of  F,f)j  for  large  values  of  F.q,  the  effective  GOS  becomes  independent  of 
F.()  and  this  is  called  the  GOS.  The  GOS  goes  to  the  optical  oscillator 
strength  in  the  limit  of  0  -  0  and  the*'  are  general  sum  rules  for  various 
moments.  Porter,  Jackman,  and  Green^1  considered  these  general  properties 
when  they  fitted  a  parametrized  form  of  the  Massey-Mohr-Bethe  surface  (which 
is  based  on  the  theoretical  form  of  df/dE  that  is  correct  for  H  atoms).  The 
PJG  fit  is  given  in  Eq .  (14)  and  Table  2  of  PJG,^2^  with  the  following  correc¬ 
tions  as  communicated  by  ProfessoL  Green:  the  argument  of  arctan  is  (a2/2),  a 
constant  of  0.654  is  added  to  S>2  ar|d  a  constant  of  1.0  is  added  to  y.  The  PJG 
GOS  can  be  improved  in  two  areas:  1)  there  is  now  more  data  and  2)  their  GOS 
for  laige  momentum  transfer  do  not  have  the  proper  shape.  PJG  used  the  data 
of  Silverman  and  Lasset t l e^ in  fitting  their  Massey-Mohr-Bethe  surface,  and 
now  there  is  additional  data  from  Iida^^  and  Shibata,  et  al.^22  As  for  the 
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shape  of  the  PJG  fit,  the  maximum  in  the  GOS  in  the  binary-encounter  peak  at 
the  Bethe  ridge  should  occur  at  at  higher  values  of  momentum  transfer  than 
does  the  surface  of  PJG  when  the  general  considerations  on  the  form  of  the 
Bethe  surface  discussed  by  Dillon,  Inokuti,  and  Wang  (DIW)l^  are  considered. 
(The  Bethe  ridge  corresponds  to  a  binary  collision  with  an  electron  in  the 
valence  shell  of  the  molecule.)  In  addition,  Dillon  and  Lassettre^9  have 
shown  that  the  effective  GOS  are  functions  of  Eq  and  that  these  effective  GOS 
fall  off  more  slowly  with  Q  than  would  be  predicted  from  the  DIV  considera¬ 
tions.  Indeed,  they  show  that  the  effective  GOS  falls  off  as  Q~l. 

In  practice  we  have  used  the  absolute  inelastic  cross  section  a^n(Eo,Ej)  given 
by  PJG  together  with  two  different  relative  angular  distributions.  One  dis¬ 
tribution  of  cr^n(E,Eo,0)  is  derived  from  the  GOS  surface  given  by  PJG,  and  the 
other  is  derived  from  a  modification  of  this  surface.  The  purpose  of  the 
modification  was  to  examine  the  effect  of  increasing  the  GOS  at  large  momentum 
transfer,  which  will  increase  the  relative  contribution  from  scattering  at 
larger  angles.  The  changes  involved  using  the  PJG  GOS  at  smaller  values  of  0 
and  patching  these  values  to  modified  values  for  large  Q.  The  modification 
was  to  use  GOS  proportional  to  Q“1  for  Q  values  larger  than  the  value  where 
GOS  falls  to  0.7  times  the  value  at  the  maximum,  and  to  simply  broaden  the 
maximum  GOS  to  extend  from  the  maximum  in  the  PJG  curve  to  the  maximum  pre¬ 
dicted  from  the  DIU  form  when  the  numerator  function  is  Q  -  E/(3I),  which  is 
the  numerator  function  used  by  PJG  (I  is  the  ionization  potential  of  Ng).  At 
E  <  21,  the  DIV  form  does  not  have  a  maximum,  so  the  PJG  form  is  used  until 
GOS  falls  below  0.7  times  the  maximum  GOS  value.  In  order  to  approximate  the 
observed  dependence  of  the  effective  GOS  on  Eq,  we  also  add  the  term 
0.8(E/Eq) [ l-(df/dE)c/(df/dE)0] ,  where  (df/dE)c  represents  the  calculated  value 
(using  the  PJG  form  with  the  modifications  discussed  above)  and  (df/dE)Q  repre¬ 
sents  the  value  of  the  PJG  form  near  the  optical  (Q  =  0)  limit,  which  was 
evaluated  using  the  minimum  0  value  when  Eq  =  20  keV.  That  is,  we  empirically 
adjust  the  calculated  (df/dE)c  value  by  adding  a  term  proportional  to  E/Eq 
(which  goes  to  zero  as  Eq  becomes  large,  where  df/dE  should  be  independent  of 
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Figure  160.  Generalized  oscillator  strength  versus  the  square  of  the 
momentum  transfer  for  30  eV  energy  loss.  The  heavy  lines 
represent  experimental  data.  The  dotted  line  and  the 
light  lines  represent  values  used  in  simulations. 

Eq).  The  adjustment  increases  or  decreases  df/dE  depending  on  whether 
(df/dE)c  is  less  than  or  greater  than  (df/dE)Q,  so  that  the  adjustment  will 
not  interfere  with  the  approach  to  the  limit  of  the  optical  oscillator  strength 
as  0  goes  to  zero.  In  addition,  the  maximum  decrease  in  the  peak  of  the  Bethe 
ridge  was  arbitrarily  limited  to  -1.5  E/Eq.  These  GOS  curves  are  compared 
with  experimental  data  in  Figures  160  through  162.  The  thin  lines  labeled 
"values  used"  show  the  modified  GOS  values.  The  values  depend  on  Eq  and  when 
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Figure  161.  Generalized  oscillator  strength  versus  the  square  of  the 
momentum  transfer  for  30  eV  energy  loss.  The  heavy  lines 
represent  experimental  data.  The  dotted  line  and  the 
light  lines  represent  values  used  in  simulations. 


df/dF,  is  smaller  than  the  df/dF,  value  at  low  0,  the  line  for  300  eV  lias  t he 
largest  values  and  the  line  for  500  eV  has  the  lowest.  In  the  peak  of  the 
Bethe  ridge  in  Figures  161  and  162,  the  df/dF,  values  are  highest  for  the 
300  eV  data.  The  effect  of  the  different  GOS  distributions  is  that  the  modi 
f i ed  GOS  gives  an  angular  distribution  that  favors  scattering  at  larger  angle 
than  that  given  by  PJG.  This  difference  is  small  for  small  E  values,  but  it 


Figure  162.  Generalized  oscillator  strength  versus  the  square  of  the 
momentum  transfer  for  80  eV  energy  loss.  The  heavy  lines 
represent  experimental  data.  The  dotted  line  and  the 
light  lines  represent  values  used  in  simulations. 

is  significant  for  E  >  21.  The  relative  a(EQ,Ej,0)  distribution  for  excita¬ 
tion  collisions  (where  Ej  =  12  eV)  is  approximated  by  using  the  distribution 
calculated  for  Ej  =  17.6  eV. 

14.6  EXCITATION  BY  FAST  SECONDARY  ELECTRONS 

We  need  to  follow  only  the  secondary  electrons  that  have  sufficient  energy  to 
excite  391  nm  reduction,  i.e.,  energies  above  18.8  eV.  These  fast  secondary 
electrons  will  lose  energy  by  exciting  and  ionizing  the  nitrogen  molecules. 
The  total  cross  section  for  electronic  excitation  and  ionization  has  a  broad 
maximum  around  100  eV,  so  that  the  range  of  the  fast  secondary  electrons  will 
be  rather  short  for  all  except  the  highest-energy  secondaries.  These 
secondary  electrons  will  tend  to  be  produced  with  a  velocity  vector  perpen 
dicular  to  the  primary  beam.  We  have  used  the  parameterization  of  PJG,  their 
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F,q .  (15),  to  describe  the  angular  distribution  of  the  secondary  electrons 
formed  when  a  primary  electron  loses  an  energy  E  in  an  ionization  event.  We 
have  used  I  =  15.6  eV  to  represent  all  ionizations,  and  this  should  be  the 
most  probable  ionization  event. 

The  calculation  follows  the  trajectory  of  the  primary  electron  as  it  undergoes 
elastic  and  inelastic  scattering  events.  Each  time  an  inelastic  event  occurs, 
we  check  if  a  fast  secondary  electron  is  foimed.  Tf  a  fast  secondary  is 
formed,  we  use  the  angular  distribution  of  the  angle  of  the  secondary  electron 
and  a  random  number  to  find  the  direction  cosines  of  the  secondary.  We  then 
consider  that  the  fast  secondary  electron  will  produce  the  same  excitation  as 
would  a  primary  electron  that  has  the  same  energy.  Thus,  we  build  up  results 
by  starting  with  low-energy  primaries  that  do  not  produce  any  fast  secondaries. 
As  we  increase  Eq,  we  form  fast  secondaries  whose  initial  energies  correspond 
to  Eq  values  used  for  low-energy  primaries.  The  contribution  of  tbe  fast 
secondaries  depends  on  the  distance  from  the  position  of  the  formation  of  the 
secondary  to  the  point  of  interest.  Thus  for  each  formation  of  a  fast 
secondary  electron,  we  calculate  the  contribution  to  each  radial  value  at 
several  planes  passing  perpendicular  to  the  initial  beam  direction.  This  is 
done  hy  transforming  the  z,x,y  coordinates  of  a  point  of  interest  (wheie  the  z 
distance  is  along  the  direction  of  the  primary  beam)  into  the  z',r'  cylindii 
cal  coordinates  along  the  direction  of  the  fast  secondary  electron  and  using 
the  previously  calculated  391  nm  excitation  for  an  electron  that  has  the  same 
kinetic  energy  as  the  secondary. 

14.7  CROSS  SECTIONS  FOR  EXCITATION  OF  391  nm  RADIATION  BY  FAST 
SECONDARY' ELECTRONS 


As  a  result  of  excitating  391  nm  radiation  by  electrons  with  different 
energies,  we  must  correct  for  the  different  values  of  We  have  used  the 

values  of  Borst  and  Zipf.^-1  The  contribution  to  excitation  for  eacli 
secondary  electron  energy  Eq-  is  computed  by  multiplication  of  the  excitations 
produced  by  primaries  at  Eq  by  the  ratio  o^qi ( Eq j ) (Eq' ) ,  where  Eq^  is  the 


initial  energy  of  the  primaries  at  z  =  0.  In  practice  we  changed  the  weight¬ 
ing  factor  for  primary  electrons  only  after  they  had  been  slowed  so  that  their 
energy  was  reduced  by  approximately  10  peicent.  Changing  the  weighting  factor 
at  smaller  energy  steps  would  flatten  the  simulated  G(r)  distributions, 
because  the  electrons  that  are  scattered  to  large  r  values  have  had  more  colli¬ 
sions  that.  'Ik.  electrons  t'-.at  te-ain  at  small  i  and  because  0^9}  is  larger  Lot 
smaller  Fq .  However,  the  current  steps  are  such  that  new  0393  values  are  used 
when  they  have  changed  by  25  to  17  percent,  and  the  effect  of  increasing  the 
number  of  steps  should  be  rathei  less  than  this  due  to  averaging  effects. 

Also,  this  effect  would  be  smaller  for  the  10  mtorr  simulations,  where  in  the 
case  of  6  keV  primaries,  98  percent  of  the  electrons  at  z  =  50  cm  have  energies 
above  90  percent  of  the  primary  energy.  For  2  keV  primaries,  the  corresponding 
f 1  art  ion  is  71  percent. 


14.8  RESULTS 

As  discussed  above,  the  experimental  G(r)  values  are  flatter  than  can  be 
explained  by  the  results  of  the  simulations  using  only  elastic  scattering. 
However,  inelastic  scattering  has  a  comparable  cross  section,  so  we  should 
expect  further  broadening  of  the  beam  -  even  if  the  inelastic  scattering  is 
peaked  in  the  forward  direction.  Furthermore,  the  broad  wings  of  the  dis 
tribution  (where  the  G(r)  values  are  down  by  1  to  3  orders  of  magnitude  from 
the  values  along  the  beam  axis)  have  a  significant  contribution  from  fast 
secondaries . 


Figures  163  through  165  show  the  results  of  the  full  simulation  at  the  three 
primary  energies  of  2,  4.5,  and  6  keV,  respectively.  In  each  figure  the 
simulation  results  are  shown  for  the  two  N2  pressures  of  30  and  60  mtorr.  For 
each  energy  the  60  mtorr  simulation  is  flatter  than  the  30  mtorr  simulation. 
However,  the  experimental  data  are  consistently  flatter  than  the  simulated 
values.  If  we  adjust  the  arbitrary  y  values  in  the  figures  so  as  to  find 
which  experimental  data  match  the  60  mtorr  simulations,  we  find  that  there  is 
a  fair  match  with  the  experimental  data  at  40  to  50  mtorr  for  each  energy. 
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Figure  163.  Comparison  of  simulated  and  experimental  radial  distribution 
for  the  two  N2  pressures  of  30  and  60  mtorr.  The  contri¬ 
butions  from  secondary  electrons  to  the  simulations  are  also 
shown.  The  primary  electron  energy  is  2  keV. 

Figures  163  through  165  also  show  the  contribution  of  the  fast  secondaries 
at  the  two  N2  pressures.  These  curves  fall  off  more  slowly  with  increasing  r 
than  do  the  contributions  from  the  primary  beam.  Thus  another  way  to  achieve 
agreement  between  the  simulations  and  the  data  would  be  to  increase  the  contri¬ 
bution  from  the  secondaries.  This  would  occur  if  the  cross  section  for  excita¬ 
tion  of  the  391  nm  radiation  were  decreased  for  the  high-energy  primary 
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Figure  164.  Comparison  of  simulated  and  experimental  radial  distributions 
for  the  two  N2  pressures  of  30  and  60  mtorr.  The  contri¬ 
butions  from  secondary  electrons  to  the  simulations  are  also 
shown.  The  primary  electron  energy  is  4.5  keV. 

secondary  electrons  relative  to  the  cross  sections  for  the  low-energy  elec 
trons.  The  fast  secondaries  only  contribute  some  7  to  23  pet  cent  to  the 
simulated  results  at  large  r,  so  a  substantial  change  in  the  CT391  ratio  would 
be  necessary  to  make  a  significant  effect.  However  an  increase  by  a  factor  of 
two  in  the  contribution  from  fast  secondaries  would  bring  the  simulated  curves 
nearly  into  agreement  with  the  data  for  the  case  of  2  keV  primary  electrons. 

It  would  substantially  reduce  the  disagreement  for  the  higher-energv  cases. 
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Figure  165.  Comparison  of  simulated  and  experimental  radial  distributions 
for  the  two  N2  pressures  of  30  and  60  mtorr.  The  contri¬ 
butions  from  secondary  electrons  to  the  simulations  are  also 
shown.  The  primary  electron  energy  is  6  keV. 


14.9  SENSITIVITY  TO  RELATIVE  ANGULAR  DISTRIBUTIONS 


As  discussed  above,  the  original  GOS  surface  of  PJG  has  several  deficiencies, 
but  the  results  are  not  very  sensitive  to  the  exact  form  of  the  GOS  used. 
Figure  166  shows  a  comparison  of  t lie  simulations  at  2  keV  that  result:  a)  from 
using  the  original  PJG  GOS  values  to  estimate  the  inelastic  scattering  angular 
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Figure  166.  Comparison  of  different  inelastic  angular  distributions  to 
simulate  the  radial  distribution  for  30  mtorr  N2  pressure 
at  a  primary  energy  of  2  keV.  The  solid  curve  uses  the 
angular  distribution  derived  from  the  Porter,  Jackman,  and 
Green^O  GOS  distribution.  The  dashed  curve  uses  the 
modifications  discussed  in  the  text. 

distribution;  or  b)  from  using  the  modified  GOS  discussed  above  that  rives  the 
results  shown  in  Figures  160  to  162.  In  both  simulations,  we  used  the  elastic 
scattering  angular  distribution  given  by  JG,  and  the  absolute  cross  sections 
are  the  same.  The  simulations  for  the  other  energies  are  even  closer  than 
those  in  Figure  166.  Thus  the  simulation  is  not  sensitive  to  the  shape  of  the 
GOS  used,  and  further  refinements  of  the  GOS  versus  ln(Q)  curves  are  not 
likely  to  improve  the  fit  very  much. 

The  results  are  only  moderately  sensitive  to  the  exact  form  of  the  the  elastic 
scattering  angular  distribution.  That  is,  the  minor  modification  of  changing 
CTel(®)  given  by  JG  to  make  ae^  constant  for  0  between  0  and  3  deg  has  only  a 
minor  effect  on  the  simulations,  as  we  would  expect  from  Figure  159.  However, 
a  more  drastic  change  of 
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for  Eq  >  900  eV, 

ae 1 ( ©)  =  aei(5°),  0  <  10° 

<rel(0)  =  ael(0-5°),  0  >  10 


makes  a  large  enough  change  to  bring  the  simulations  into  fair  agreement  with 
the  data,  with  the  2  keV  case  shown  in  Figure  167.  Now  the  major  disagreement 
is  that  the  simulations  are  sharper  than  the  data  near  the  beam  axis.  Thus 
the  simulation  has  enough  sensitivity  to  the  shape  of  the  elastic  scattering 
angular  distribution  that  using  distributions  that  are  somewhat  flatter  than 
the  measured  values  would  be  enough  to  bring  the  simulations  and  the  data  into 
agreement . 


Figure  167.  Comparison  of  simulated  and  experimental  radial  distribution 
for  the  two  N2  pressures  of  30  and  60  mtorr.  The  primary 
electron  energy  is  2  keV.  These  simulations  used  a 
flattened  angular  distribution  for  elastic  scattering. 
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14.10  SENSITIVITY  TO  ABSOLUTE  CROSS  SECTIONS 


When  the  total  cross  section  for  any  one  process  is  changed  by  a  value 
consistent  with  the  10  to  20  percent  variation  that  we  have  between  our  cal¬ 
culated  values  and  the  recommended  values  show  in  Figure  158,  then  the  simu¬ 
lated  results  are  not  changed  very  much.  In  Figure  168  we  show  the  effects  of 
increasing  the  total  cross  section  by  20  percent  for  Eq  values  greater  than 
1  keV,  while  keeping  cr^ot  (E0  ^  1  keV)  the  same.  With  larger  changes  in  atot, 
it  is  possible  to  make  the  simulations  agree  reasonably  well  with  the  data. 
However  this  requires  increasing  cr^ot  by  about  50  percent.  This  adjustment  is 
too  large  to  be  consistent  with  the  uncertainties  in  the  cross  sections  or  in 
the  experimental  measurement  of  the  pressure  in  the  chamber.  Note  that  the 


Figure  168.  Effect  of  increasing  the  total  cross  section  by  20  percent  for 
the  two  N2  pressures  of  30  and  60  mtorr  at  a  primary  energy  of 
2  keV. 


presence  of  a  significant  pressure  of  gas  in  the  electron  gun  region  of  the 
chamber  would  contribute  to  the  experimental  error  in  the  measure  of  the 
product  of  the  number  density  times  the  pathlength.  We  estimate  these  effects 
to  be  5  percent  or  less. 

If  we  decrease  0393  for  the  higher  Eq  values,  the  effect  is  to  increase  the 
relative  importance  of  the  excitation  of  391  nm  radiation  by  the  fast 
secondaries.  As  can  be  seen  in  Figures  163  through  165,  such  an  increase  will 
make  the  G(r)  distributions  flatter  in  the  simulations,  which  will  agree  with 
the  data  better.  Furthermore,  if  we  increase  ae|  and  crjn  at  the  same  time 
that  we  decrease  <7393  for  the  higher  values  of  e^,  then  we  can  get  reasonable 
agreement  between  the  simulations  and  the  data.  This  is  shown  in  Figures  169 
and  170,  where  we  compare  me  data  with  simulations  where  for  Eg  >  1  keV,  the 
0e3  values  are  increased  by  20  percent,  the  o^n  values  are  increased  by 
30  percent,  and  the  0393  values  are  decreased  by  20  percent.  Note  that  the 
increase  in  a^n  by  a  larger  amount  than  has  the  effect  of  increasing  the 

importance  of  secondary  electrons.  The  comparisons  show  that  the  fit  with  the 
2  keV  data  is  good,  but  the  simulations  for  the  higher  energies  falls  off  too 
rapidly  as  r  increases.  Thus,  we  can  begin  to  get  fair  agreement  with  the 
data  if  the  measured  pressure  and/or  the  scattering  pathlength  are  smaller 
than  the  actual  values  and/or  the  cross  sections  for  ae}  and  ajn  are  low  while 
the  relative  shape  of  the  Borst  and  Zipf^J  039]  cross  sections  gives  too  large 
0393  for  the  large  Eq  values. 

14.11  GENERAL  FEATURES  OF  COMPARING  THE  SIMULATIONS  AND  THE  DATA 


In  the  comparisons  presented  above,  there  are  some  common  features.  One 
feature  is  that  the  simulations  tend  to  show  G(r)  distributions  that  are 
sharper  as  r  goes  to  zero  than  are  the  data.  Another  feature  is  that  the 
simulations  show  a  steeper  r  dependence  than  do  the  data  for  larger  values  of 
r.  That  is,  the  simulations  correctly  predict  a  large  fall-off  of  G(r),  but 
the  predicted  fall-off  is  somewhat  greater  than  what  is  observed.  The  dis 
crepancies  are  about  a  factor  of  three  in  a  decay  that  is  more  than  a  factor 
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Figure  169.  Comparison  of  simulated  and  experimental  radial  distributions  for 
the  two  N2  pressures  of  30  and  60  mtorr.  The  primary  electron 
energy  is  2  keV.  The  cross  sections  in  the  simulations  have 
been  adjusted  to  increase  aej  by  20  percent,  increase  ajn  by 
30  percent,  and  decrease  039}  by  20  percent. 


of  100.  The  simulations  would  match  better  if  they  included  a  larger  contri¬ 
bution  fiom  the  excitation  of  391  11m  radiation  by  fast  secondary  electrons. 
Alternatively,  the  simulations  would  agree  better  if  the  relative  elastic 
'.■raftering  distributions  for  the  primary  electrons  are  significantly  flatter 
than  distributions  given  by  JO.  This  flattened  distribution  matchs  experi¬ 
mental  values  teasonably  well  for  larger  scattering  angles.  Another  factor 
that  would  contribute  to  a  better  match  would  be  larger  cr^ot  values, 
especially  for  Eq  >  1  keV,  and  especially  if  ajn  is  larger.  This  effect  could 
occur  if  the  experimental  pressure  measurements  or  pathlength  were  low. 


Figure  170.  Comparison  of  simulated  and  experimental  radial  distributions  for 
the  two  N2  pressures  of  30  and  60  mtorr.  The  primary  electron 
energy  is  6  keV.  The  cross  sections  in  the  simulation  have 
been  adjusted  to  increase  <Jej  by  20  percent,  increase  <r^n  by 
30  percent,  and  decrease  a39i  by  20  percent. 

14.12  OTHER  POSSIBLE  CAUSES  OF  FLAT  G(r)  DISTRIBUTIONS 


The  steeper  G(r)  distributions  for  the  simulations  may  be  a  result  of  the  many 
approximations  that  have  been  made.  For  example,  our  approximation  to  ignore 
fast  secondaries  beyond  cut-off  values  of  r'  and  z'  will  reduce  the  contribu¬ 
tion  from  fast  secondaries.  Also,  using  finer  grids  for  the  various  param¬ 
eters  (e.g.,  more  angles  for  the  contribution  of  each  fast  secondary,  more 
values  of  the  energies  of  the  fast  secondaries,  more  trajectories,  etc.)  may 
result  in  better  agreement.  We  have  investigated  these  effects  over  a  limited 
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range.  The  residual  differences  between  the  simulations  and  the  data  could  be 
the  result  of  a  combination  of  several  approximations,  as  several  effects  tend 
to  produce  flatter  d is t r i bn t ions ,  e.g. ,  lower  energy  electrons  tend  to  have 
angular  d is t r i bu t ions  that  are  less  strongly  peaked  at  forward  scattering,  so 
'hanging  the  angular  distribution  at  closer  energy  spacings  should  contribute 
to  a  broader  G(r)  distribution,  as  would  changing  the  <739^  values  at  smaller 
energy  steps,  or  including  secondary  electrons  formed  beyond  the  cutoff  rouges 
used  for  r'  and  . 

The  simulations  include  the  effects  of  secondary  electrons  that  are  produced 
at  7,  values  greater  than  the  50  cm  value  where  we  compare  with  our  measure¬ 
ments.  The  maximum  7.  value  considered  is  50  cm  for  Eq  <  2  keV,  and  70,  80, 
and  90  cm  for  Eq  -  2,  4.5,  and  6  keV,  respectively.  Secondaries  formed  at 
even  larger  7.  values  will  make  only  a  small  contribution,  but  this  contribu¬ 
tion  would  make  the  G(r)  d  i  .s  1 1  i  hu  t  ion  flatlet.  We  do  not  expect  a  significant 
contribution  irom  elections  that  travel  the  full  90  cm  length  of  the  chamber 
and  then  reflect  so  that  they  travel  an  additional  40  cm  hack  to  the  z  =  50  cm 
(t  1  line . 

We  have  investigated  the  effects  on  the  simulations  of  using  an  electron  beam 
with  a  wider  Gaussian  shape.  As  expected,  the  result  is  that  the  sharpness  of 
the  peak  in  G(r)  at  r=0  can  he  reduced  as  we  make  the  beam  broader.  At  r 
values  larger  than  20  to  10  mm,  the  broader  beam  simply  smooths  the  bumps  on 
the  curve.  In  the  experiment,  the  photomul t i pi i er  travels  nearly  perpen¬ 
dicular  to  the  direction  of  the  primary  beam,  and  although  an  error  analysis 
of  this  viewing  configuration  on  the  Abel  inversion  yielded  insignificant 
ettots,  the  geometry  of  detector  and  beam  may  also  contribute  to  a  slower 
apptoach  to  r-0. 

The  simulation  ignot es  the  effects  due  to  magnetic  fields.  The  observed 
mu '/attire  of  the  electron  beam  indicates  that  there  were  residual  magnetic 
fields  on  the  older  of  0.2  Gauss.  Such  a  field  will  produce  a  11.3m  radius  of 
curvature  for  an  electron  with  an  energy  of  4.5  keV  and  a  radius  of  curvature 
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of  1.13m  for  a  45  eV  electron.  As  a  4.5  keV  electron  has  a  mean  free  path 
between  collisions  of  about  16  cm  and  a  45  eV  electron  has  a  mean  free  path 
around  0.9  cm,  we  see  that  there  will  be  very  little  curvature  in  the  path 
between  collisions.  The  curvature  of  the  beam  does  cause  the  photomultiplier 
scan  to  be  not  exactly  perpendicular  to  the  beam  direction,  and  this  could 
contribute  to  reducing  the  sharpness  of  G(r)  at  small  r  values. 

Another  possible  effect  of  a  residual  magnetic  field  would  be  to  create  a  beam 
plasma  discharge.  Such  discharges  have  been  studied  in  the  apparatus,  and 
care  was  taken  to  avoid  the  parameter  ranges  where  this  occurs.  That  is,  the 
experiments  were  done  with  combinations  of  lower  magnetic  fields,  lower 
currents,  and  higher  pressures  than  were  used  when  a  beam  plasma  discharge 
occurred.  However,  workers  using  lower  gas  pressures  have  observed  that  the 
electron  beam  develops  broad  wings  at  currents  somewhat  less  than  the  threshold 
for  a  true  beam  plasma  discharge  (e.g.  ,  Bernstein,  et  al.).^l  Thus  it  is 
possible  that  there  may  be  a  slight  broadening  of  the  beam  considerably  below 
the  beam  plasma  discharge  onset.  As  the  onset  of  the  true  beam  plasma  dis¬ 
charge  occurs  over  a  narrow  current  range,  more  evidence  is  necessary  before 
assigning  the  extra  broadening  to  an  incipient  beam  plasma  discharge.  However, 
the  primary  beam  will  create  ions  along  the  central  core,  and  this  plasma  may 
have  instabilities  excited  that  could  perturb  the  electron  radial  distribution 
so  as  to  broaden  it  enough  to  be  detected.  Recall  that  at  large  distances  off- 
axis  we  are  looking  at  excited  state  populations  that  are  only  1  percent  of  the 
central  beam. 

14.13  SUMMARY  AND  CONCLUSIONS 

We  report  here  experimental  observation  of  2  to  6  keV  electron  scattering  by 
N2  in  the  20  to  70  mtorr  pressure  regime.  Our  diagnostic  of  electron  density 
is  emission  from  the  ionic  B-state  at  391  nm.  A  scanning  photometer  trans- 
versed  the  beam  at  several  axial  locations.  In  this  configuration  we  observe 
the  fluorescence  from  all  processes  occurring  at  these  pressures,  including 


322 


elastic  and  inelastic  primary  and  secondary  electron  scattering.  This  experi¬ 
mental  approach  complicates  the  subsequent  analysis,  but  permits  assessment  of 
the  magnitudes  of  the  relative  processes.  Previous  data  and  modeling  of  the 
total  and  differential  angular  cross  sections  for  both  elastic  and  inelastic 
scattering  processes  were  used  as  input  into  a  detailed  Monte  Carlo  Simula 
tion.  This  simulation  permitted  comparison  with  local  electron  densities 
derived  from  the  data.  Although  some  adjustments  to  literature  values  seem 
warranted,  agreement  was  generally  good.  A  sensitivity  analysis  was  used  to 
bound  possible  adjustments  to  the  cross  sections  consistent  with  the  data. 
Residual  discrepancies  in  the  width  of  the  central  core  and  in  the  magnitude 
of  scattering  at  the  wings  could  not  be  reconciled.  Tire  latter  effect 
represented  a  factor  of  three  discrepancy  for  electron  concentration  10” ^  of 
the  central  core.  Several  potential  sources  for  additional  scattering  at 
these  large  distances  off  axis  are  presented. 
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15.  MODELING  OF  THE  PRODUCTION  OF  VI BRATIONALLY  EXCITED  NH 

IN  n2/h2  MIXTURES 

15.1  MODEL_ DESCRIPTION 

To  provide  insight  to  the  interpretation  of  experimental  results  on  the 
emission  from  vibrat ionally  excited  NH  radicals  produced  when  40-keV  electrons 
interact  with  a  mixture  of  N2  and  H2,  we  modeled  the  ongoing  chemistry  using 
the  PSI  kinetics  code.!®2  The  PSI  kinetics  code  is  a  driver  program  to  use 
the  CHEMKIN  general  purpose  chemical  kinetics  software  package  of  subrou¬ 
tines.^®^  We  solve  the  rate  equations  to  find  the  concentrations  of  all 
species  in  the  mechanism  scheme  as  a  function  of  time.  This  program  takes  as 
input  the  production  rates  of  the  species  created  by  tbe  action  of  the  fast 
electrons.  These  production  rates  were  estimated  by  calculating  t he  initial 
yields  of  active  species  produced  in  pure  N2  by  using  a  detailed  microscopic 
calculation  that  uses  electron  impact  cross  sections  to  estimate  the  produc 
tion  of  the  various  excited  and  ionized  states. 26  The  electron  cross  sections 
ate  from  Jackman,  et  al.22  We  assume  that  most  of  the  excited  states  of  N2 
either  dissociate  or  radiate  rapidly  enough  that  t hey  have  very  low  steady 
state  concentrations  and  do  not  participate  in  the  reaction  scheme.  Thus  we 
follow  N  atoms,  N(2D)  atoms,  N(2P)  atoms,  N2+,  N+ ,  and  N2(A2£U+)  species  (in 
addition  to  the  N2  ground  state).  All  other  N2  states  are  assumed  to  decay  to 
form  these  species  with  some  yield.  The  initial  yields  of  the  active  nitrogen 
species  are  found  by  using  a  modification  of  t lie  branching  ratios  given  by 
Porter,  Jackman,  and  Green,*70  (PJG),  where  the  a1^  state  is  assumed  to  be 
quenched ,  the  yields  of  the  Rydberg  states  at e  adjusted,  and  the  yields  of 
other  states  reduced  to  50  percent  of  the  PJG  values  to  account  for  quenching 
by  the  nitrogen  -  adjustments  that  were  necessary  to  explain  the  N  production 
observed  at  pressures  of  1  atm.*®2  At  the  pressures  of  4  to  50  tori  of  the 
present  experiments,  these  adjustments  may  underestimate  the  N  atom  production 
rate,  and  this  uncertainty  adds  to  the  uncertainty  in  the  estimate  of  the  dose 
rate.  Table  27  gives  the  estimates  of  the  g-values  from  the  calculation,  where 
the  g-value  for  any  species  is  the  number  produced  when  100 -eV  of  energy  is 
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TABLE  27.  Estimates  of  the  initial  yields  of  active  species,  expressed 
as  g-values  (number/100  eV). 


Species 

N 

N(2D) 

N(2P) 

n2(a3v> 

D 

9 

0.86 

0.66 

0.049 

0.69 

m 

■ 

ahsorbed.  The  hydrogen  species  g-values  were  estimated  from  the  nitrogen 
species  by  assuming  that  g(H)  is  proportional  to  g(N)  +  g(N(2D))  +  g(N(2P)), 
that  g(H2+)  is  proportional  to  g(N2+),  and  that  g(H+)  is  proportional  to 
g(N+).  The  proportionality  constant  is  taken  as  the  electron  fraction,  i.e., 
1/7 th  of  the  pressure  ratio  P„  /PM  .  This  crude  estimate  should  be  adequate, 
as  the  mixtures  contain  only  a  small  amount  of  H2. 

In  order  to  estimate  the  dose  rate,  we  need  to  know  the  energy  absorbed  per 
giam  of  gas.  We  do  this  by  estimating  the  volume  of  gas  that  interacts  with 
the  elections .  As  the  electrons  traverse  the  gas  the  primary  electrons  are 
scattered  and  fast  secondary  electrons  are  formed,  so  that  the  diameter  of  the 
beam  grows.  We  consider  that  the  overall  shape  of  the  electron-interaction 
volume  is  a  cone,  with  the  apex  at  the  entrance  to  the  gas  cell.  Two  different 
methods  were  used  to  estimate  the  dose  rate.  One  method  was  to  assume  that 
the  power  absorbed  in  the  experimental  chamber  of  length  Le  was  proportional 
to  the  cell  length,  with  the  fraction  of  the  power  absorbed  equal  to  Le/Lr, 
where  Lt-  is  the  range  that  the  electrons  travel.  The  range  was  estimated  from 

Lr  =  2.60  E1 • 7^/P  ,  (65) 

where  Ll-  is  in  cm,  P  is  the  pressure  in  torr,  and  E  is  the  electron  energy  in 
kev,184  jn  addition,  we  assume  that  the  radius  of  the  cone  with  length  L  is 
equal  to  twice  the  radius  r\/2-  Here  i'\/2  is  the  radius  of  the  cone  that 
encompasses  1/2  of  the  total  beam  current,  which  is  calculated  from  the 
empirical  relation  found  by  Center, 


L'l/2  =  L  tan01/2 


(66) 


with  ©i/2  given  by 

91/2  =  A  (NL)1*5/(1  +  B  N  L)  ,  (67) 

where  N  is  the  gas  number  density,  A  =  1.0  x  10“28  cm3  and  g  _  1.43  x 
10-18  cm^.  Table  27  gives  the  values  of  Lr,  as  well  as  volume  of  the  cone 
V(Le),  when  Le  is  16  cm.  This  volume  increases  as  the  pressure  increases, 
approximately  as  p1*2.  The  density  of  the  gas  increases  as  P,  so  that  the  mass 
of  the  absorbing  gas  increases  as  The  energy  absorbed  in  the  experi¬ 

mental  chamber  increases  as  P  [see  Eq .  (65)  |,  so  that  the  dose  rate  is  approx¬ 
imately  proportional  to  P/p2-2  _  p-1.2  for  of  assumptions.  In 

Table  28,  these  dose  rates  are  labeled  "lin.",  as  they  result  from  the  linear 
power  absorption  assumption.  Table  28  gives  dose  rates  in  kOy/s  (1  kC.y  - 
1  J/g),  for  2  mA,  40  keV  electron  pulses.  Another  way  to  estimate  the  dose 
rate  is  to  assume  that  the  energy  absorbed  in  tbe  chamber  is  proportional  to 
the  ratio  of  the  volume  of  the  cone  at  length  Le  (the  volume  of  absorbing  gas 
in  the  experimental  chamber)  to  the  volume  of  the  cone  that  represents  the 
full  range  of  the  electrons.  This  has  a  length  Lr  and  a  cone  radius  that  is 
twice  the  r'122  given  by  Eq .  (66)  (tiie  volume  of  the  gas  to  absorb  all  of  the 
electron  energy).  Table  28  gives  these  volumes  VfL^),  which  are  proportional 
to  p-8.  Thus  the  absorbed  energy  is  approximately  proportional  to  pl-2/p  3  _ 
P^'2,  and  the  dose  rate  is  proportional  to  p4.2/p2.2,  _  p2.  This  dose  rate  is 
labeled  "vol.",  as  it  represents  the  assumption  that  the  dose  is  proportional 
to  the  volume.  The  two  different  assumptions  give  a  wide  range  to  the  esti 
mated  dose  rate.  We  expect  to  use  experimental  data  on  the  relative  signal 
levels  at  the  different  gas  pressures  to  refine  the  dose  rate  estimates. 
Comparisons  with  data  indicate  that  the  dose  rate  is  between  the  two  estimates 
given.  At  the  present  time,  we  use  a  dose  rate  estimated  as  the  linear  assump¬ 
tion  result  multiplied  by  the  pressure  (normalized  at  30  ton);  these  values 
are  labeled  "trial"  in  Table  28.  Thus,  the  two  assumptions  give  pressure 
dependences  of  P^l-2  and  p2.(  anc[  trial  assumption  lias  P_r),2. 
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TABLE  28.  Dose  late  estimates  for  various  N2  pressures. 


Quan  t i ty 

4.0 

7.5 

10.0 

15.0 

20.0 

30.0 

L,  ,  cm 

414.0 

221.0 

165.0 

110.0 

82.7 

55.1 

1  1  /2 ( !,e ^  ’  cm 

1  . 20 

1.87 

2.25 

2.88 

3.41 

4.31 

V(Le),  cm' 

96 . 7 

2  35.0 

319. 0 

557.0 

781.0 

1231.0 

Absorbed  F./s, 

J/s 

1.10 

5.80 

7.74 

11.6 

15.5 

2  3.2 

Lin.  dose  late, 
kGy  /  s 

5341.0 

2202.0 

1  52  7.0 

92  7.0 

661.0 

415.0 

r 1 / 2 ( Lr ) *  cm 

228.0 

122.0 

91.2 

60.8 

45.6 

30.4 

V(Lr),  ID5  cm3 

900.0 

137.0 

57.6 

17.1 

7.20 

2.13 

Absorbed  F./s, 

10-4  J/s 

0.860 

13.7 

47.1 

261.0 

868.0 

4664.0 

Vol .  dose  1  a  te, 
kGy/s 

0.  148 

0.522 

0.927 

2.09 

3.71 

8.34 

Ti  i  a  1  dose  1  a  1  e , 
kOy  /s 

712.0 

55--.0 

508. 0 

464.0 

441.0 

415.0 

During  the  electron  pulse,  there  is  production  of  the  active  species  of  N, 
N(3D),  N(3S),  N2(A^Eu+),  N2+,  N+ ,  H,  H2+,  and  H+.  These  species  then  react  to 
form  other  species.  We  considered  around  95  reactions,  and  the  rate  constants 
for  50  of  the  more  important  are  given  in  Table  29.  In  Table  29  ve  have 
assumed  values  for  rate  constants  for  reactions  8-10,  and  we  have  assumed  that 
NHv  reacts  with  t lie  same  rate  constant  as  Nil.  The  other  rate  constants  come 
fiom  the  literature,  from  such  sources  as  Du  ley  and  Williams, 186  Schofield, 
Smith  et  al.,1^8  Cohen  and  Uestberg,189  Piper  et  al.,^(!  and  Albritton.  191  The 
basic  mechanism  has  the  following  reactions  which  dominate: 


TABLE  29.  Major  reactions  considered. 


1. 

2N 

+ 

M 

-»  n2 

4- 

M 

8.30 

X 

10-34exp(500./T) 

3. 

N(2D) 

4- 

h2 

->  NHv 

4- 

H 

2.30 

X 

10-12 

4 . 

N(2D) 

+ 

n2 

-»  N 

4- 

n2 

9.40 

X 

10-14exp(-51O./T) 

5 . 

N(2P) 

4- 

n2 

-»  N 

4- 

n2 

2.00 

X 

10-18 

6. 

N(2P) 

4- 

N 

4  2N 

1.00 

X 

10-12 

7. 

N(2P) 

4- 

h2 

4  N 

+ 

h2 

1.50 

X 

10-15 

8. 

NHv 

+ 

n2 

4  NH 

+ 

n2 

2.00 

X 

10-14 

9. 

NHv 

4- 

h2 

4  NH 

+ 

h2 

2.00 

X 

10-14 

10. 

NHv 

4  NH 

4- 

h  v 

1000. 

21. 

NH 

+ 

h 

4  N 

4- 

h2 

5.00 

X 

10-11  T°-5exp(-2400 

22. 

NHv 

4- 

H 

4  N 

4- 

h2 

5.00 

X 

iO-n  T°-5exp(-2400 

23. 

NH 

4- 

N 

-4  N2 

4- 

H 

2.89 

X 

iO- 1 2  T0-5 

24. 

NHv 

4- 

N 

4  n2 

4- 

H 

2.89 

X 

1.0-12  T0 . 5 

25. 

NH 

4- 

N(2P) 

4  N2 

4- 

H 

2.89 

X 

10- 1 2  T0-5 

26. 

NHv 

4- 

N  (  2  P ) 

-  NZ 

+ 

H 

2.89 

X 

10-12  Tn-5 

30. 

nh2 

4 

H  +  M 

4  NH3 

4- 

M 

6.10 

X 

10-30 

36. 

nh2 

4* 

N 

4  2NH 

1.21 

X 

10-1° 

38. 

2H 

4- 

h2 

4  2H2 

2.76 

X 

10-31  T-0.6 

40. 

2H 

4- 

n2 

4  h2 

+ 

n2 

1.49 

X 

10-29  T-1 . 3 

41. 

n2a 

4- 

n2 

4  2N2 

2.00 

X 

10"18 

42. 

n2a 

4- 

h2 

4  n2 

4- 

h2 

2.40 

X 

io-15 

43. 

n2a 

4- 

h 

4  N 

4- 

NH 

3.50 

X 

10-12 

44. 

n2a 

4- 

N 

4  n2 

4- 

N(2P) 

1.40 

X 

10-11 

45. 

N2  A 

4- 

N 

4  N2 

4- 

N 

2.60 

X 

10-11 

46. 

2N2A 

4  N2 A 

4- 

n2 

3.00 

X 

IO”9 

49. 

n2a 

4- 

nh3 

4  NH2 

4- 

H  +  N2 

1.55 

X 

IO"10 

54. 

h2  + 

4- 

n2 

4  N2H  + 

4- 

H 

2.00 

X 

IO'9 

55. 

N+ 

4- 

N2  +  M 

4  N3  + 

4- 

M 

5.20 

X 

10-30 
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TABLE  29.  Continued. 


r  r 

JO  . 

N  * 

4 

»2 

->  NH  + 

4 

H 

4.80 

X 

10-10 

65. 

n24 

4 

n2  + 

M  -»  N4  + 

4 

M 

1.00 

X 

10-29 

66. 

N2  4 

4 

h2 

->  n2h+ 

4 

H 

2.10 

X 

10~9 

67  . 

N34 

- 

”2 

-»  n2h+ 

4 

H 

+  N 

2.00 

X 

io-i3 

cc 

'w- 

N34 

4 

nh3 

->  nh3+ 

4 

N 

+  n2 

2.10 

X 

10-9 

69. 

N4  + 

+ 

h2 

-»  n2h+ 

4 

H 

+  N-j 

5.80 

X 

10-12 

70. 

n44 

4 

nh3 

-»  nh3+ 

4 

2N2 

1 . 80 

X 

10  9 

71 . 

n2h4 

4 

NH 

->  nh2 4 

4 

n2 

6.40 

X 

10- 10 

72. 

n2h4 

4- 

NHv 

-»  nh2  + 

4 

n2 

6.40 

X 

10-10 

74. 

n2h+ 

f 

nh3 

-»  nh4+ 

4 

n2 

2.30 

X 

10-9 

75. 

NH4 

4 

h2 

->  nh2+ 

4 

H 

9.50 

X 

10" 9 

76. 

NH4 

4 

n2 

->  n2h+ 

4 

N 

1.50 

X 

10-8 

77. 

nh24 

4 

H2 

->  nh3+ 

4 

H 

1.20 

X 

io-io 

81  . 

• 

«?. 

nh44 

4 

H 

4.50 

X 

10-13 

83. 

n2  + 

4 

e 

-»  N(2D) 

4 

N 

1.66 

X 

10-6  x -0 . 39 

84. 

n4  + 

4 

e 

-*  2N2 

1.50 

X 

10-6 

85. 

N34 

4 

e 

-»  N 

4 

n2 

3.00 

X 

10  7  t~0-5 

86. 

n2h  + 

4- 

e 

->  H 

4 

n2 

3.00 

X 

10-7  T - 0 . 5 

91. 

NH  34 

4 

e 

->  nh2 

4 

H 

3.00 

V 

10-7  T-0. 5 

92. 

nh34 

4 

e 

-*  NH 

4 

2H 

1.50 

X 

lO-7  T-0 . 5 

93. 

nh3+ 

4 

e 

-»  NHv 

4 

2H 

1.50 

X 

10-7 

94. 

nh4  + 

4 

e 

->  nh3 

4 

H 

3.00 

X 

lO"?  T-0.5 

95. 

nh4+ 

4 

e 

-»  NH2 

4 

2H 

3.00 

X 

lO-7  t-0. 5 

2 


R3, 

N(2D) 

+ 

h2 

-> 

NHv 

+ 

H 

R4, 

N(2D) 

4 

n2 

N 

4 

n2 

R8, 

NHv 

4 

n2 

NH 

4 

n2 

R9 , 

NHv 

4 

h2 

-4 

NH 

4 

h2 

RIO, 

NHv 

-4 

NH 

4 

h\> 

R24 , 

NHv 

4 

N 

n2 

4 

H 

R93 , 

NH  }  + 

4 

e 

NHv 

4 

2H 

Thus  the  N(2D)  atoms  react  with  H2  to  form  NHv,  where  the  NH  is  vibrationally 
excited  into  the  v  -  1,  2,  or  3  level.  The  NHv  can  be  quenched  by  N2,  and 
possibly  by  H2  or  N,  or  it  can  emit  an  IR  photon.  The  experimental  data  from 
the  LABCEDE  experiment  measures  the  decay  rate  of  NHv  by  observing  these  1R 
photons.  Thus  we  wish  to  model  the  decay  of  the  NHv  species.  In  addition, 
some  of  the  N(2D)  atoms  are  quenched  by  N2  molecules.  The  N(2D)  atoms  are 
rather  rapidly  removed  after  the  end  of  the  electron  pulse,  and  at  longer 
times  some  NHv  species  are  assumed  to  be  produced  by  electron  recombination 
with  the  NH 3 ions  that  are  formed  by  ion-molecule  reactions.  The  dominant 
loss  process  foi  some  of  the  beam  created  species  is  diffusion,  so  that  their 
concentrations  build  up  from  sequential  pulses.  Figure  171  illustrates  that 
the  N  and  H  concentrations  still  increase  after  eight  pulses,  but  they  are 
approaching  a  limiting  value.  In  our  mechanism  we  see  that  the  N  atom  does 
some  quenching  of  the  NHv.  Thus,  we  need  to  estimate  the  steady-state  con¬ 
centration  of  the  N  atoms  after  many  pulses.  To  determine  this  we  need  to 
consider  the  loss  of  N  atoms  by  diffusion  and  by  removal  with  the  gas  flow  out 
of  the  cell  during  the  experiment.  At  this  time  we  estimate  these  losses  for 
all  species  by  ignoring  the  diffusion  losses  and  estimating  the  removal  by  gas 
flow  by  assuming  that  all  active  species  in  the  gas  chamber  are  removed  with  a 
time  constant  given  by  the  chamber  volume  (FI  x  102  x  16  cm2)  divided  by  the 
flow  rate  (4  1-atm/min).  Thus,  a  pressure  of  7.5  torr  corresponds  to  a  time 
constant  of  0.75s.  This  time  constant  is  an  upper  limit  on  the  removal  time 
constant  of  each  species.  In  practice,  other  loss  mechanisms  will  add  to  the 
removal  rate  and  decrease  the  loss  time  constant.  However,  we  need  to  follow 
pulses  for  a  time  period  approaching  Is  before  the  concentrations  of  the  N 
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Figure  171.  Concentrations  of  major  species  for  the  ninth  and  tenth  pulses 
in  a  mixture  of  7.5  torr  of  N2  and  0.2  torr  of  H2.  The  0.6-ms 
pulses  begin  at  0.12  and  0.135s.  The  reaction  mechanism  for 
this  calculation  is  similar  to  the  mechanism  used  for  the 
other  calculations. 


atoms  will  reach  a  steady-state  value.  Rather  than  doing  such  a  computation¬ 
ally  lengthy  calculation  directly,  ve  found  that  we  could  make  a  reasonable 
estimate  of  the  steady-state  concentrations  by  following  a  few  pulses  (five) 
to  settle  the  pulse- to-pulse  change.  We  then  used  the  change  in  concentration 
to  estimate  the  change  during  a  longer  period  (eight  times  the  pulse  period)  as 
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the  number  of  periods  times  the  one-period  change.  This  process  was  repeated 
until  the  concentrations  become  reasonably  close  to  their  steady-state  values. 

15.2  RESULTS 

At  the  present  time  the  model  seems  adequate  to  explain  most  of  the  experi 
mental  results  except  fot  the  lowest  pressure  data.  In  the  model  we  use  rate 
constants  from  the  literature  and  make  reasonable  assumptions  that  NHv  is 
produced  with  a  modest  yield  whenever  an  NH-formation  reaction  is  exoergic 
enough  to  provide  the  excitation  energy.  We  assume  values  for  the  NHv  quench¬ 
ing  by  N2  and  H2,  as  well  as  the  radiative  rate  constant.  The  high  pressure 
LABCEDE  data  show  that  quenching  by  N2  is  the  most  important  loss  for  the 
range  of  partial  pressures  studied.  Depending  on  the  choice  of  the  assumed 
rate  constants  we  can  get  a  reasonable  fit  for  the  data  for  N2  pressures  from 
10  to  30  torr.  At  7.5  torr,  the  agreement  is  not  as  good,  and  at  4  torr  the 
data  show  a  more  rapid  build-up  and  fall-off  than  do  the  calculated  values. 

The  fit  at  low  pressure  is  improved  by  including  the  pressure- independen t 
radiative  decay  loss.  The  present  calculations  use  an  extreme  upper  limit  fot 
this  rate  constant  of  1000  s~ ^  ,  and  they  use  tate  constants  of  1.6  x  10  ^ 
(cm^/s)  and  4  x  10“^  (cm-Vs)  for  quenching  NHv  by  N2  and  Hj,  respectively. 
Future  modeling  will  be  performed  with  more  accurate  estimates  of  the  Einstein 
coefficients  for  NH.  Figures  172  through  175  show  comparisons  between  the 
LABCEDE  data  and  the  calculations  for  three  pressures.  Figure  172  shows  that 
at  4  torr  the  experimental  data  show  a  sharper  pulse  for  NHv,  as  they  buildup 
faster  and  decay  faster  than  the  calculated  values.  Figures  173  and  174  show 
a  better  match  of  the  decay  at  7.5  torr,  with  a  reasonable  agreement  at  low  H2 
pressure  in  Figure  173  and  good  agreement  for  both  the  buildup  and  decay  at 
higher  H2  pressure  in  Figure  174.  Figure  175  illustrates  that  the  good  agree¬ 
ment  persists  at  higher  Ny  pressures  by  showing  the  comparison  at  30  torr. 
Table  30  shows  a  comparison  of  experimental  decay  rates  with  the  maximum  decay 
rate  calculated  for  a  0.1-ms  period.  The  third  column  gives  the  relative 
importance  of  the  four  most  important  NHv  removal  processes:  radiation,  and 
quenching  by  N2,  N,  and  H2-  The  ^-quenching  reaction  is  always  the  most 
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Figure  172.  Comparison  with  LABCEDE  experimental  data  for  NHv  decay  in  a 
mixture  of  4.05  torr  of  N2  and  0.2  torr  of  H2.  The  0.3-ms 
pulse  begins  at  0.645s.  The  calculated  values  of  N(^D)  and 
N2(A^Lu+)  are  also  shown. 


important.  The  fast  radiative  decay  helps  to  explain  the  4- torr  data,  but 
Figures  172  and  173  suggest  that  some  process  is  missing  in  our  model  at  low 
pressures.  Here  the  narrow  electron  beam  and  the  more  rapid  diffusion  may 
make  diffusional  losses  play  a  more  significant  role. 


TIME  (s) 

A-7583 

Figure  173.  Comparison  with  LABCEDE  experimental  data  for  NHv  decay  in  a 
mixture  of  7.5  ton  of  N2  and  0.05  ton  of  H2.  The  0.3-ms 
pulse  begins  at  0.645s.  The  calculated  values  of  N(^D)  and 
N2(a3Eu+)  are  also  shown. 

Another  area  of  comparison  between  calculations  and  the  LABCEDE  data  is  the 
effect  of  changing  electron  pulse  width.  We  performed  a  series  of  calctila 
tions  to  vary  pulse  width  from  0.3  to  2.4  ms  for  a  gas  mixture  with  15  ton  N2 
and  0.2  torr  H2.  Table  31  results  from  slightly  different  values  for  the  NHv 
quenching  rate  constant  of  1.6  x  10"^  and  4  x  10~3^  cm3/s  for  N2  and  H2, 
respectively.  These  results  show  that  quenching  by  N  becomes  important  at 
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Figure  174.  Comparison  with  LABCEDE  experimental  data  for  NHv  decay  in  a 
mixture  of  7.54  torr  of  N2  and  0.4  torr  of  H2.  The  0.3-ms 
pulse  begins  at  0.645s.  The  calculated  values  of  N(^d)  and 
N2(A^Eu+)  are  also  shown. 


longer  pulse  widths.  As  a  result  the  maximum  NHv  concentration  [NHv]max 
decreases,  as  shown  in  Table  31.  Table  32  gives  some  experimental  data  for  a 
similar  range  of  pulse  widths.  The  experimental  [NHv]max  has  a  maximum  at 
0.5  ms,  which  is  similar  to  the  calulated  values  for  [NHv]max  that  go  through 
a  maximum  at  a  pulse  width  of  0.6  ms.  However  the  experimental  data  fall  off 
faster  than  the  calculated  values  for  longer  pulse  widths.  The  experimental 
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Figure  175.  Comparison  with  LABCEDE  experimental  data  for  NHv  decay  in  a 
mixture  of  30.11  torr  of  N2  and  0.2  torr  of  H2.  The  0.3-ms 
pulse  begins  at  0.645s.  The  calculated  values  of  N(^D)  and 
N2(A^Eu+)  are  also  shown. 

decay  at  0.25  ms  pulse  width  is  close  to  the  calculated  value  at  0.3  ms.  The 
experimental  decays  at  pulse  widths  of  0.5  ms  and  longer  are  faster  than  the 
calculated  decays.  Table  31  gives  the  decay  rate  averaged  over  a  0.1-ms 
period.  The  time  after  the  end  of  the  pulse  of  this  maximum  decay  is  tmax-pw. 
Table  30  also  shows  the  relative  contribution  from  the  NHV+N2,  NHv  radiative, 
and  NHv+N  destruction  reactions  during  a  0.15-ms  interval  near  tmax.  These 
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TABLE  30.  Calculated  and  experimental  decay  rates  and  reaction  importance 
for  0.3  -ms  pulse  width. 


H?, 

toil 

0.05 

Reac  t ion 

0.20 

Reac  t ion 

0.40 

Reaction 

Impor  tanre 

Impor  tance 

Importance 

NHv+N2 

NHv+N2 

NHv+N2 

Decay 

Rate 

Rad iat ive 

Decay 

Rate 

Radiative 

Decay 

Rate 

Radiative 

Na 

Expt  1 

Calc 

NHv+N 

Expt  1 

Calc 

NHv+N 

Exptl 

Calc 

NHv+N 

Torr 

1  /s 

1/s 

NHv+H2 

1/s 

1/s 

NHv+H2 

1  /s 

1/s 

NHv+H2 

4.0 

5446 

3324 

0.686 

4579 

4078 

0.676 

0.264 

0.257 

0.028 

0.020 

0.033 

7.3 

57  76 

5D')  7 

0.78  5 

7059 

6639 

0.769 

0.  161 

0.157 

0.040 

0.041 

10.1 

8018 

8043 

0.817 

7965 

8398 

0.810 

0.124 

0.124 

0.032 

0.032 

50.1 

1  7  755 

16795 

0.892 

20210 

18935 

0.898 

0.046 

0.046 

0.057 

0.045 

comparisons  show  that  N  atom  appears  to  be  a  beam-generated  quencher,  which 
complicates  the  analysis  of  the  experimental  data.  The  present  calculation 
needs  a  larger  conUibution  f  1  mn  such  quenching.  Thus  the  calculations  need  a 
higher  dose  late  or  a  greater  yield  of  N  (which  would  increase  the  N  concentra¬ 
tion),  and  a  faster  N  *  Nflv  quenching  rate  constant.  Also,  there  may  be  other 
beam  genet  a  ted  quenchers. 
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TABLE  31.  Calculated  decay  rates  and  reaction  importance  for  different 
pulse  widths  (pulse  period  15  ms  for  a  mixture  of  15  torr 
N2  and  0.2  torr  H2). 


Pulse 

Width 

(ms) 

( NHv  j  max 
(10+10/cc) 

Decay 

(1/s) 

^max  Pw 
(ms) 

Destruction  of 

NHv 

NHv+N2 

Radiation 

NHv  +  N 

0.3 

2.67 

9242 

0.30 

0.815 

0.105 

0.044 

0.6 

2.81 

9351 

0.30 

0.777 

0.100 

0.085 

1.2 

2.64 

9871 

0.15 

0.716 

0.092 

0.155 

2.4 

2.28 

11350 

0. 15 

0.620 

0.080 

0.262 

TABLE  32.  Experimental  decay  rates  and  relative  NHv  concentration  for 
different  pulse  widths  for  15  torr  N2,  0.2  torr  H2 


Data  Set 

Pulse  Period 

(ms) 

Pulse  Width 

(ms) 

l NHv ] max 

(Relative) 

70623F 

15 

0.25 

1320 

70623C 

15 

0.5 

1410 

70623D 

15 

1.0 

1078 

70623E 

15 

2.0 

756 

70609C 

10 

0.5 

1207 

70626H 

30 

0.5 

1425 

In  conclusion,  we  have  identified  the  important  reactions  that  appear  to  occur 
when  an  electron  beam  irradiates  mixtures  of  N2  and  H2.  Our  present  estimates 
of  the  dose  rate  are  crude  and  some  reaction  rate  constants  are  rather  uncer¬ 
tain.  When  0.3-ms  electron  pulses  are  used,  the  present  model  gives  good 
estimates  for  the  NHv  concentration  as  a  function  of  time  for  all  except  the 
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lowest  pressures , _ as  shown  in  Figures  172  through  175.  The  study  of  the 
effects  of  longer  pulses  shows  that  reaction  with  N  atoms  is  the  cause  of  the 
pu 1 se -genera ted  quenching  of  NHv.  The  present  model  needs  a  larger  contribu 
t i on  f i om  this  in  order  to  match  the  larger  quenching  observed  in  the  expel  i- 
mental  data  for  the  longer  pulses. 


16.  ELECTRON  IRRADIATION  OF  CALCIUM  FLUORIDE 


16.1  INTRODUCTION 


Data  from  the  zenith-looking  Field  Widened  Interferometer  (FWI)  Mission 
indicated  the  presence  of  a  weak  but  broad  spectral  emission  to  the  long  wave¬ 
length  side  of  the  C02(\>j)  4.3  pm  band.  This  feature  had  not  been  previously 
observed  and  no  obvious  atmospheric  source  could  be  suggested.  This  mission 
was  flown  into  a  region  undergoing  active  auroral  dosing.  The  possibility  was 
raised  that  the  broad  emission  feature  resulted  from  the  auroral  elections 
directly  striking  the  Calcium  fluoride  window  of  the  payload.  The  electron- 
induced  fluorescence  from  most  window  materials  (including  CaFp)  has  been 
observed  in  the  visible,  but  infrared  observations  are  sparce.  We  therefore 
undertook  a  series  of  measurements  under  conditions  representative  of  the 
upper  atmosphere  in  terms  of  background  pressure  and  primary  electron  energy. 
The  large  LABCEDE  facility  at  AFGL  provided  an  excellent  test  chamber  for 
these  experiments. 

16.2  EXPERIMENTAL 


The  CaF2  window  shards  supplied  by  Ron  Straka  were  placed  inside  the  large 
LABCEDE  facility  operating  at  room  temperature.  Access  was  through  the  bottom 
port  directly  below  the  electron  beam  axis.  The  samples  were  positioned  using 
a  holder  constructed  to  allow  sample  height  and  angle  relative  to  the  election 
beam  to  be  continuously  variable,  yet  allow  reproducible  positioning.  The 
sample  was  observed  to  be  spatial  stable  during  each  experiment.  At  fiist, 
pure  nitrogen  gas  was  introduced  into  the  chamber  to  permit  the  beam  trajec 
tory  to  be  visually  observed,  thus  permitting  the  window  to  be  positioned 
in  the  beam.  However,  it  was  discovered  that  during  irradiation,  the  window 
sample  glowed  brightly  with  a  rich  purple  color  with  the  edges  being  markedly 
brighter  than  tire  optical  surface  where  impact  occurred.  We  estimate  this 
emission  to  be  in  the  450  to  470  nm  region,  hut  no  visible  spectra  were 
obtained.  This  visual  tracer  permitted  accurate  sample  positioning  in  the 


beam  and  allowed  several  irradiation  patterns  (beam  geometries  to  be  utilized). 
During  the  observations  described  below  the  test  sample  was  held  at  a  small 
angle  (nearly  normal)  to  the  electron  beam  axis. 

The  fluorescence  resulting  from  this  interaction  was  observed  in  the  SWIR/MWIR 
regions  with  a  3  mm  diameter  round  InSb  detector  (operated  at  77  K)  viewing 
the  sample  through  the  laboratory  Michelson  interferometer^^  operated  at 
20  cm'l  resolution.  The  sample  was  irradiated  with  several  currents  of 
4.5  keV  electrons  pulsed  at  200  Hz  so  that  phase-sensitive  detection  (PAR  lock 
in  amplifier)  of  the  fluorescent  signal  could  be  employed.  Effective  gains  as 
high  as  5  x  10^  were  used.  This  detection  system  had  been  recently  checked 
and  was  operating  at  near  NESR  limited  performance. 

Tiie  interferometer  field  of  view  at  the  beam  plane  was  roughly  10  cm  in 
diameter.  The  test  window  fragments  and  the  electron  beam  diameter  were  much 
smaller.  Consequently,  the  instrumental  field  of  view  is  not  uniformly 
illuminated  and  absolute  radiometric,  observations  were  not  possible  at  this 
survey  level.  The  interferometer  looked  in  from  the  end  of  the  test  chamber 
and  viewed  the  test  sample  nearly  edge  on. 

Rlank  runs  were  made  to  ensure  that  there  were  no  spurious  signal  sources.  No 
background  emission  sources  were  observed.  Spectra  of  a  calibrated  blackbody 
source  at  several  temperatures  between  150°  and  1000°C  were  obtained  to  permit 
determination  of  the  InSb/interferometer  system  relative  spectral  response. 

The  test  samples  were  irradiated  as  delivered,  after  cleaning  and  after  thinly 
coating  different  surfaces  with  a  lubricant  such  as  Apiezon  grease  (used  for 
lubricating  0-ring  gaskets),  Cutzol  711,  and  No.  1  Molydee  (used  as  machining 
lu t)i  i can  t s ) . 

The  CaF2  sample  (as  delivered)  was  initially  subjected  to  very  low  electron 
currents  (<  1  mA  total).  No  infrared  signal  within  the  system  bandpass 
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(1.5  to  5.3  pm)  was  observed  with  the  interferometer  operating  radiometrically. 
The  dosing  level  was  increased  in  two  different  manners:  1)  the  total  current 
leaving  the  electron  gun  (and  hitting  the  target)  was  increased  by  increasing 
filament  temperature  while  maintaining  the  beam  acceleration  voltage  constant 
at  4.5  keV;  and  2)  the  primary  beam  electron  density  was  increased  as  the  beam 
was  confined  using  the  external  magnetic  coils.  Both  approaches  produced  simi¬ 
lar  effects.  Below  4  mA  for  diffuse  beams,  no  infrared  fluorescence  was 
detected  by  the  detection  system  even  operating  radiometrically.  Above  this 
current  (and  above  2.5  mA  for  magnetically  confined  beams),  blackbody  emission 
from  the  CaF2  surface  was  observed,  and  the  surface  become  visually  marred. 

The  signal  level  on  the  detector  was  optimized  varying  the  test  sample 
orientation  relative  to  beam  and  interferometer.  A  spectrum  of  this  fluores¬ 
cence  is  shown  in  Figure  176.  A  spectrum  of  a  596°C  blackbody  is  shown  in 
Figure  177  for  comparison.  The  spectral  shapes  in  the  two  figures  are  quite 
similar.  The  CaF2  data  does  not  correspond  exactly  to  a  single  blackbody 
temperature,  but  seems  to  have  small  contributions  from  surface  areas  of  dif¬ 
ferent  temperatures  as  would  be  expected.  Nevertheless,  the  spectrum  is 
dominated  by  blackbody  emission,  and  no  broad  spectral  features  in  the  4.4  to 
5.3  um  region  are  observed  above  the  noise  level.  The  atmospheric  absorption 
due  to  CO2  in  the  unpurged  optical  path  is  present  in  both  spectra  providing  a 
convenient  reference  wavelength.  The  blackbody  emission  is  observed  only  after 
the  surface  is  destructively  marred  (giving  a  frosted  or  distorted  appearance). 
After  surface  marring,  blackbody  emission  could  be  observed  at  lower  currents. 
Shown  in  Figure  178  is  the  fluorescence  from  previously  marred  CaF2  (as 
delivered)  now  irradiated  by  1.6  mA  of  defocussed  electrons.  For  comparison, 
a  spectrum  of  a  150°C  blackbody  of  0.33  cm^  area  is  shown  in  Figure  179.  The 
spectral  shapes  are  similar,  but  the  CaF2  fluorescence  has  an  emissivity/ 
emitting  area  product  of  2  x  10“^  cm^. 

Thus  post-flight  visual  inspection  is  a  useful  observable  to  see  if  signifi¬ 
cant  electron  irradiation  has  occurred.  If  it  has  not,  then  the  LABCEDE 
observations  would  suggest  that  electron-induced  fluorescence  was  not  produc¬ 
ing  significant  emission. 
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Figure  176.  Spectrum  of  CaF2  (as  delivered)  irradiated  by  2.5  mA  of  4.5  keV 
electrons  magnetically  confined  to  irradiate  a  small  portion  of 
the  vindov  surface. 
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Figure  177.  Spectrum  of  a  596°C  blackbody  of  0.65  mm  diameter 
(3.3  x  10~3  cm^).  The  signai  levels  are  identical 
to  those  in  Figure  176. 
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Tiguie  178.  Emission  from  previously  marred  CaFp  (as  delivered)  irradiated 
by  1.6  mA  of  defocussed  4.5  keV  electrons.  The  signal  level  is 
1/160  of  that  of  Figure  179. 
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Figure  179.  Emission  from  a  blackbody  of  150°C  with  an  aperture  of  0.33  cm1 
located  lm  from  interferometer. 
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The  effects  of  geometry  were  considered  also.  Figure  180  displays  a  spectrum 
of  the  fluorescence  when  the  electrons  were  striking  the  edge  of  CaF2  test 
samples.  The  emission  also  seems  to  be  representative  of  a  blackbody  of  higher 
temperature.  The  spectrum  of  a  1004  C  blackbody  is  shown  in  Figure  181  for 
comparison.  The  emission  of  Figute  180  has  an  effective  em i ss i v i t y /area 
ptoduct  of  3.6  x  HI' J  cm?  (0.007  cm  diameter). 

Thus,  no  disci ete  emission  features  were  obset ved  at  dosing  levels  below  those 
giving  rise  to  blackbody  emission  and  CaFa  sample  marring.  These  dosing 
levels  correspond  to  primary  (4.5  keV)  electron  densities  on  the  order  of 
K'^/cm^.  By  contrast  the  total  electron  density  (including  mostly  low  energy 
thermal  electrons)  during  the  FVI  Mission  was  about  10^/cm-^.  Thus,  it  appears 
unlikely  that  elec t ron- induced  effects  are  present  in  the  FW1  data. 

At  the  highest  experimental  currents  and  most  focused  beams,  the  test  window 
was  cleaved  and  d i s i n tegL a  ted  into  several  pieces.  The  possibility  of  surface 
contaminants  giving  tise  to  an  el ec t ton- i nduced  emission  was  also  studied. 

A  CaFp  test  sample  was  cleaned  with  ethane, 1  then  acetone.  The  cleaned  sample 
was  then  irradiated  and  displayed  a  similai  behavior  to  the  as  deliveied 
sample  described  above:  no  emission  was  obsei ved  below  the  marring  threshold, 
blackbody  emission  was  observed  as  above. 

The  unblemished  side  of  the  cleaned  sample  was  coated  with  a  thin  coat  of 
Apiezon  grease.  Upon  irradiation  the  grease  layer  glowed  white  and  was 
observed  to  boil  off  the  surface.  Again,  there  was  no  infrared  fluorescence 
signal  until  sui face  heating  occurred.  The  spectrum  of  3.2  mA  of  confined 
electrons  striking  the  Apiezon  coated  surface  is  shown  in  Figure  182.  This 
spectrum  beautifully  matches  a  465  C  blackbody  spectrum  plotted  in  Figure  183. 
No  hint  of  additional  emission  features  can  be  seen.  The  emissi vi ty/emi t t ing 
aiea  product  of  the  CaFa  flat  is  2.5  x  1<>  *  cm?. 
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Figure  180.  Spectrum  of  CaF2  (as  delivered)  irradiated  by  4  mA  of  diffuse 
4.5  keV  electrons  striking  the  edge  corner  of  the  window 
sample.  This  intensity  scale  is  4%  of  that  of  Figure  176. 
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Figure  181.  Spectrum  of  a  1004°C  blackbody  of  1  x  10~3  cm^  area. 
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Figure  182.  Fluorescence  from  Apiezon  coated  CaF2  irradiated  by  3. 
of  confined  electrons. 
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Figoie  183.  Emission  through  a  1  x  10~^  cm2  aperture  viewing  a 
465°C  blackbody. 
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Another  CaF2  sample  was  coated  with  Molydee  lubricant  on  one  side  and  Cutzol 
on  the  other.  Both  these  surface  layers  displayed  spectral  structure  between 
A  and  5.2  pm  and  between  2.2  and  2.7  pm,  as  displayed  in  Figures  1R4  through 
1R7.  Although  the  signal/noise  levels  are  quite  poor,  the  features  appeal  to 
lie  quite  structured  even  at  20  cm  ^  resolution.  They  appear  to  be  from  a 
diatomic  species  or  hydrogenic  species.  Because  this  was  not  the  behavior 
exhibited  by  the  FWI  data,  we  have  not  pursued  this  analysis  further. 

16.3  SUMMARY 

For  clean  CaF2  test  samples,  emission  becomes  detectable  for  the  laboratory 
Michelson  interferometer  only  when  substantial  surface  heating  of  the  sample 
has  occurred.  This  is  for  current  levels  (dosing  rates)  far  in  excess  of 
expected  thermospheric  auroral  electron  densities.  It  does  not  appear  that 
elec tron- induced  fluorescence  gives  rise  to  a  4.4  to  5.3  pm  broad  feature  in 
LABCEDE  except  as  a  blackbody  surface  heating  phenomenon.  None  of  the  surface 
contaminants  studied  gave  rise  to  an  emission  which  could  explain  the  field 
observations.  This  study  raised  seveial  interesting  quest  ions  regarding  elec 
tron  damage/heating  thresholds  and  contamination-induced  emission  which  should 
be  addressed  more  carefully  in  later  studies. 
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Figure  184.  Emission  from  a  CaF2  test  sample  coated  with  Cutzol  711 
lubricant  upon  irradiation  by  5  mA  of  diffusion  4.5  keV 
electrons.  Signal  levels  are  comparable  to  Figure  180. 
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Figure  185.  SWIR  emission  from  CaF2  test  sample  loaded  with  Cutzol  711 
lubricant  upon  irradiation  by  5  mA  of  diffusion  4.5  keV 
elect  rons . 


l.'mi.  It  lOSO.n  J.’IIU  It  IMSi l.  0  >700.0  2SS0.  0  'iXKl.lt  HSU.  u  37llii.ll  i'lMi.n  Hjllii.d 


WAVENUMBER 


Figure  186.  Emission  from  CaF2  test  sample  coated  with  MolyDee  lubricant 
upon  irradiation  by  4  mA  of  4.5  keV  electrons.  Signal  levels 
are  comparable  to  Figure  176. 
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Figure  187.  SWIR  emission  of  same  sample  as  Figure  186. 


17.  SPECTRAL  SURVEY  MEASUREMENTS 


In  this  last  section  we  present  several  interesting  preliminary  observations 
nf  the  molecular  fluorescence  spectra  arising  from  electron  irradiated  gases, 
riirse  obset vat  ions  were  often  made  as  part  of  a  separate  measurements  program. 
We  present  them  here,  with  little  analysis,  as  a  guide  f or  future  measurements 
programs  on  these  systems. 

17.1  UV  VISIBLE  SPECTRA  OF  ELECTRON  IRRADIATED  NITRIC  OXIDE  (NO) 


The  spectrum  shown  in  Figure  188  was  taken  with  1.5  mtorr  of  pure  nitric  oxide 
at  a  resolution  of  5.2k  under  beam  plasma  conditions.  The  electron  energy  and 
beam  current  were  4500  eV  and  12.8  mamp.  The  N2  +  ( B2 £u+  -X2 Eg+ ) ,  N2(c3fIu-B2FIg) 
features  arise  from  approximately  1  percent  gas  impurity  and/or  residual 
n  i  t  i  ogen  f  t  om  pievious  experiments.  The  major  features  of  the  NO(A2E+-X2II) 
y  hands  have  been  identified.  Contributions  from  a  variety  of  other  band 
systems,  Npfa1!^  X 1  Eg  f )  LBH ,  N?  ( D3  Lu  f -B  3 IIR )  Fourth  Positive,  N0(B2I1-X2n) 

8  hands,  NO(C2Fl  X2I1)  S- hands,  and  Op +  ( A  ^  X2IIg)  Second  Negative  appear  to  be 

present.  Preliminary  attempts  to  fit  this  spectrum  using  a  rotational 
temperature  of  100  K  for  the  transitions  N2  *  ( B2  £u  +  -X2  £g+  ) ,  N2(C2nu-B^Ilg) ,  and 
NO(A2 £* -X2 n )  in  the  spectral  generation  code  failed  to  properly  reproduce  the 
widths  of  the  NO  y-bands,  but  at  the  same  time  adequately  fit  the  N2+(B-X), 
and  N2(C  B)  hand  widths.  The  next  attempt  was  to  introduce,  one  at  a  time, 
then  in  combinations,  the  other  possible  band  systems.  (It  was  necessary  at 
this  point  to  generate  approximate  Einstein  coefficients  for  the  NO(B-X), 

M 0(0  X),  0  2  f ( A  -  X )  hand  systems  for  incorporation  into  the  fitting  code.  The 
details  of  each  generation  are  described  itr  subsequent  paragraphs.)  The  over¬ 
lap  ai ising  from  many  hand  systems  also  failed  to  fit  the  width  of  the  NO 
Y  hand  features. 

The  temper  a  tore  of  the  N<>  y  bands  in  the  generation  code  was  then  varied 
between  100  and  1500  K.  From  the  vai  i  at.  ion  it  was  possible  to  deduce  a  NO 
y  band  rotational  temperature,  T[0(;,  upon  electron  impact  excitation  of 
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Figure  188.  A  1.5  mtorr  pure  NO  spectra  at  5.2A  resolution.  The  N2  features 
represent  approximately  1  percent  impurity  or  residual  gas  from 
previous  experiments.  The  N2*~(B-X),  N2(C  B),  NO(A  X)  systems 
are  easily  identified. 


1200  +  100  K.  The  calculated  spectra  having  100  and  1200  K  NO  y-bands  are 
shown  in  Figure  189.  The  introduction  of  additional  band  systems  was 

performed  using  1200  K  NO  y-bands.  Figure  190  shows  the  introduction  of 

b)  NO(B2n-X2II),  then  c)  02+(A2nu-X2ng) ,  then  d)  both  NO  3-bands  and  02+  Second 

Negative  to  the  synthetic  spectral  fit.  Figure  190d  represents  that  best  fit 

of  the  experimental  data,  although  many  narrow  regions  are  poorly  matched. 

The  underfit  between  220  and  240  nm  is  believed  to  arise  from  a  Wood's  anomaly 
in  the  grating.  The  effects  of  this  anomaly  have  been  observed  previously 
(Section  6).  The  filling  region  from  240  to  260  nm  appears  to  be  accurately 
assigned.  The  continuous  over f i t /under f  i  t  of  the  data  between  260  and  310  nm 
is  attributable  to  low  signal  intensity  and  band  system  overlap.  Except  for 
the  small  369  nm  feature  the  region  from  310  to  400  nm  is  once  again  well 
determined . 


The  generation  of  Einstein  coefficients  for  the  NO(B-X),  N0(C  X),  Oy+(A  X) 
transition  each  required  a  slightly  different  treatment.  The  NO(B-X) 


WAVELENGTH  (nm) 


A-4231 


Figure  189.  Synthetic  spectra  generated  with  NO  y  bands.  a)  Tlot-  =  30 
b)  Tlot  -  1300  K  and  including  N2  +  (B^EU+  x^E^4-)  and  N2 ( II 
R  'nR)  systems  at  room  temperature. 


B -bands  wpre  calculated  by  assuming  no  transition  moment  variation.  The 
relevant  equations: 
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Figure  190.  a)  Synthetic  spectrum  generated  using  1200  K  N0( A2 E+-X2 IT) , 
300  K  N2(C3nu-B3ng),  and  300  K  N2+(B2EU+-X2i:g+) ; 

b)  Addition  of  300  K  N0(B2n-X2l!)  to  a);  ‘ 

c)  Addition  of  300  K  02+( A2 Hu-X2 ng)  to  a); 

d)  Addition  of  both  NO(B-X)  and  02+(A-X)  to  a). 
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where : 


Tv /  =  radiative  lifetime, 1^3  v'=0-7 

qv,v.(  =  Franck-Condon  Factors^A 

vv/vn  =  Transition  frequency . 194 

Implicitly  we  have  assumed  that  the  B-X  transition  is  the  dominant  radiative 
process  of  the  NO(B)  state  and  that  the  summation  over  v"  can  be  truncated  at 
v'=16,  the  limit  of  existing  Franck-Condon  factors.  By  this  procedure,  Av»v" 
values  with  v'  ranging  0-6  and  v"  ranging  0-16  were  calculated.  The  C^X-state 
of  NO  is  predissociating  for  v'=0,  J'>4.5.^^  The  lifetime  of  N0(  ?n,  v'=0) 
is  in  dispute.  To  our  knowledge  no  direct  measurement  has  been  performed. 
Brozowski  et  al.^3  ptesent  relatively  convincing  arguments  based  on  a  meas¬ 
ured  absorption  oscillator  strength  and  C-X  and  C-A  branching  ratios  that  the 
radiative  lifetime  is  11.6  ns.  In  any  case,  most  researchers  agree  the  life¬ 
time  can  be  bounded  between  10  and  60  ns.  Using  a  radiative  lifetime  of 
11.6  ns,  Franck-Condon  Factors  of  Nicholls1^  and  the  formulation  presented 
earlier,  the  values  of  Aqvh  for  v"  ranging  0-19  were  calculated.  The 
(>2  *  ( A^  T1  -  X  ^  n)  Second  Negative  Einstein  coefficients  were  calculated  via  the 
oscillator  strengths  of  Wetmore  et  al.,1^6  those  of  Erman  and  Larsson,^  the 
bandhead  tables  of  Krupenie.^^ 

Using  the  equation: 
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w h  ere: 
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the  degeneracies  of  upper  state  and  lower  state 


\V'V><  -  transition  wavelength 
A V'V»  =  calculated  F.instein  coefficient. 

Th  is  series  of  experimental  data  was  also  collected  in  order  to  survey  the 
prominent  features  arising  from  electron  bombardment  (4.5  keV)  of  nitric 
oxide.  In  this  regard,  it  is  important  to  reiterate  not  only  which  band 
systems  were  observed,  i.e.,  NO(A-X),  Ny(C  B),  N 2 +  ( B  X ) ,  NO(B-X),  < ) 2 +  ( A  X), 
but  the  band  systems  which  were  considered  and  not  observed:  N2(LBH), 

Np(D-B),  NO(C-X).  The  observation  of  rotationally  ho t  NO(A-X),  Tlot  -  17.00  K, 
is  not  explained  at  present  and  further  experiments  should  lie  performed  with 
and  without  a  beam  plasma  discharge  occulting  to  verify  this  single  obseiva 
tion.  In  addition,  experiments  should  lie  performed  to  cleat  ly  determine  if 
the  nitrogen  features  arise  from  impurity  in  No,  residual  gases  01  leaks,  or 
a  production  mechanism  initiated  by  election  impact  on  nittic  oxide. 

1/.?.  FLUORESCENCE  FROM  Ar/NO  MIXTURES 

Niti ic  oxide  fundamental  band  fluorescence  was  observed  to  be  quite  weak 
in  Argon/NO  mixtures.  The  fluorescence  was  observed  by  a  PbSe  detector  cooled 
to  liquid  nitrogen  temperature  viewing  the  center  of  the  vacuum  chamber  through 
the  Michelson  interferometer.  Foi  these  experiments  660  seem  ot  Argon  and 
14()  seem  of  NO  were  introduced  into  the  chamber  with  the  shroud  at  room  temper 
attire.  A  total  pressure  of  7.75  mt  was  achieved  under  these  fast  flow  (flow 
throttling  valve  completely  open)  conditions.  The  confining  magnetic  field 
bad  a  value  ~  60  Gauss.  The  fluorescence  signal  was  observed  to  be  quite  weak. 
Two  PARI  1  i  preamplifiers  wet e  used  in  set  ies  to  give  a  total  gain  of  10000. 

Even  with  this  amplification,  the  time  dependent  fluorescent  signal  from  pulsed 
beam  opeiation  was  only  1.7V  on  the  scope'.  A  1700  point  intei  fetogiam  was 
ncqniied  and  tinnsfoimed  to  give  the  sprrtium  shown  in  Figme  10  1.  The  only 
feature  present  above  the  noise  level  is  No  fundamental  hand  emission.  The 
distiibution  obset ved  is  quite  peaked  to  Low  vibrational  levels:  in  these 

mixtures  substantial  excitation  of  N0(v)  does  not  occur  upon  election  itradia 
r ion.  The  weak  sigt.al  levels  prevented  a  systematic  investigation  undet  these 


Figure  191.  Fluorescence  from  irradiated  Ar/NO  mixture  at  7  mt  pressure. 

NO  fundamental  emission  is  the  dominant  spectral  feature 
(Scan  4718D) . 


conditions.  Future  measurements  with  an  improved  sensitivity  detection  svs  _m 
will  permit  more  accurate  measurements  of  the  excitation  of  pure  NO  and  NO  .  1 
mixtures . 


17.3  INFRARED  EMISSION  FROM  N9/O7  MIXTURES 

These  measurements  were  performed  with  the  shroud  operated  at  near  liquid 
nitrogen  temperatures.  The  fluorescence  was  detected  by  the  liquid-He  cooled 
As:Si  detector  in  the  CVF  spectrometer.  Mixtures  of  N2  (1200  seem)  and  O2 
(300  seem)  were  introduced  into  the  shroud  through  the  porous  tube  array  to 
give  a  total  pressure  of  35  mtorr.  Electrons  at  4.5  keV  primary  energy  were 
operated  in  a  pulsed  mode  (20  ms  on,  84  ms  period)  with  an  average  current  of 
6.6  mA.  The  applied  magnetic  field  was  30  Gauss.  Spectral  data  in  the  MUIR 
and  SWIR  spectral  regions  was  acquired  in  the  time-resolved  mode.  The  fluores¬ 
cence  intensity  at  15  ms  after  pulse  onset  (5  ms  before  termination)  is  shown 
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in  Figure  192.  The  fluorescence  signature  is  dominated  by  NO  fundamental  emis 
sion  with  substantial  vibrational  excitation.  There  is  a  hint  of  a  feature  at 
4.75  urn.  In  the  same  experiment  at  late  times  (20  ms  after  beam  termination) 
the  fluorescence  spectrum  has  changed  as  shown  in  Figure  193.  The  total  signal 
level  has  decreased  by  a  factor  of  six  to  seven.  This  decay  rate  is  far  in 
excess  of  radiative  and  indicates  quenching  is  occurring.  The  later  time 
fluorescence  indicated  a  more  vibrational ly  relaxed  distribution  (peaking  to 
shot  ter  wavelength).  Also  the  4.5  to  4.8  urn  feature  has  inciensed  in  intensity 
relative  to  NO.  This  feature  may  be  due  to  O3  ( +  v_j)  emission.  The  0  3  ( V3 ) 
fundamental  at  10  pm  is  obseived  to  be  quite  strong  under  these  conditions. 

No  overtone  emission  is  obseived  in  the  RWIR  under  these  conditions.  The 
fluorescence  of  the  same  mixture  near  beam  termination  is  displayed  in 
Figure  194.  N2  electronic  transitions  are  also  observed  in  this  region.  In 
older  to  lessen  the  effects  of  collisional  quenching,  level  piessuie  Np/'0p 
mixtures  at  4.9  mt  total  pressure  were  irradiated  with  6 .  6  mA  of  4.5  keV 
electrons.  The  observed  NO  fluorescence  (Figure  195)  was  substantially  vibia 
tionally  colder  at  all  times  during  the  pulse.  Moreovei  there  appears  to  be 
no  evidence  of  rotational  bandhead  formation  in  these  mixtures.  The  CVF  reso¬ 
lution  is  barely  adequate  to  detect  bandheads  if  present.  The  strong  signal 
level  indicate  that  these  studies  car  -e  performed  at  very  low  pressures  in 
future  cryogenic  interferometer  studies. 

17.4  MUIR  EMI  SSI  ON  FROM  At; /C02  MIXTURES 

Strong  fluorescence  is  observed  when  trace  concentrations  of  COp  (1  seem)  ate 
added  through  the  jet  inlet  into  a  bath  of  It)  mt  of  Ar  (69  1  seer)  in  the 
fiynshroud.  Even  with  the  applied  magnetic  field  off,  the  pulsed  election 
beam  produced  large  MUIR  signals  dominated  by  00 7 ( o ) )  with  some  0<i(v)  emission 
at  4.7  pm  at  times  near  beam  termination  as  shown  in  Figure  196.  At  late 
times  the  prompt  (x  =  2.5  ms)  COpvq  emission  decays  with  the  time  constant  of 
the  detection  system.  CO  fundamental  hand  fluorescence  persists  decreasing  to 
5<t  percent  of  its  beam  termination  value  at  90  ms  later  (Figure  1 f)  / )  .  Because 
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this  is  a  much  slower  decay  rate  than  its  radiative  loss,  substantial  excita¬ 
tion  must  be  occurring  after  beam  termination. 

Fluorescence  was  also  observed  from  Ai /trace  CO2  mixtures  (277/9  seem)  at  much 
lowei  pressures  (2.9  mt)  as  shown  in  Figure  198.  There  is  still  no  applied 
magnetic  field.  The  spectrum  is  substantially  altered.  The  gap  between 
C(ii(\i])  and  CO(Av=l)  has  been  filled  with  fluorescence.  Moreover  the  fluores¬ 
cence  extends  out  to  beyond  6  pm.  The  002(^3)  fluorescence  is  not  substan¬ 
tially  altered  in  width  indicated  little  rotational  excitation.  The  A. 4  to 
4.7  pm  fluorescence  can  be  attributed  to  hot  bands  of  CO2  or  to  rotationally 
hot  f‘0.  Better  spectral  resolution  is  needed  to  understand  these  exciting 
obse r  va t ions . 

17.5  LVIR  EMISSION  FROM  Ny/COp  MIXTURES 

When  trace  amounts  of  CO2  were  added  to  26  mt  of  N2  in  the  cryoshroud,  13  to 
15  pm  spectral  features  were  observed  using  the  CVF  spectrometer.  Figure  199 
shows  the  presence  of  the  CO 2 ( )  feature  at  13.9  pm  as  well  as  the  R 
bianch  of  the  strong  V2  feature.  Vibrational  temperatures  can  be  determined 
f 1 om  measurements  of  this  type.  Time- resol ved  fluorescence  data  was  used 
to  observe  the  vibrational  relaxation  of  the  CO2V2  feature.  With  just  10  mt  of 
N2  present,  the  C02(V2)  R  branch  fluorescence  was  observed  to  decay  at  a  rate 
of  about  20  s~l  as  shown  in  Figure  200.  When  2.5  mt  of  O2  was  added,  the 
lelaxation  rate  increased  substantially  as  indicated  by  the  open  symbols.  It 
appears  that  collisional  relaxation  processes  can  be  studied  even  for  LWIR 
emitting  states . 

17.6  0Z0N E  13  TO  15  pm  EMISSION 

During  the  course  of  the  studies  of  03^3)  emission  around  10  pm,  data  were 
occasionally  taken  with  all  other  CVF  wheel  segments.  Under  the  highest 
signal  conditions,  there  appeared  to  be  a  hint  of  emission  of  O3V2  around 
14.3  pm.  The  spectrum  shown  in  Figure  201  arises  from  an  Ar  (580  sccm)/02 
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Figure  200.  Intensity  of  C02<V2)  R  branch  fluorescence  as  a  function  of  time 
after  beam  termination  for  N2  and  N2/O2  bath  gases. 


Figure  201.  LVIR  emission  from  Ar/02  fixtures  15  ms  after  beam  termination. 
Maximum  relative  intensity  is  1.1  mV. 


( 100  seem)  mixture  at  36  mt  total  pressure.  The  applied  magnetic  field  was 
/(;.  The  4 . 5keV  electron  beam  was  pulsed  on  for  17  ms  and  had  a  328  ms  period 
and  had  average  currents  of  1.7  mA .  Even  though  the  signal  to  noise  is  unity 
in  this  spectrum,  persistent  indications  of  an  emission  feature  lead  us  to 
make  this  tentative  assignment.  To  our  knowledge  this  feature  has  never  been 
observed,  having  a  radiation  lifetime  of  about  a  second.  If  future  work  on 
electron  irradiated  0^  supports  this  assignment,  it  will  be  a  further  demon¬ 
stration  of  the  sensitivity  and  versatility  of  the  cryogenic  LABCEDE  facility 
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APPENDIX  B 


LABCEDE  STARTUP  PROCEDURE 


Step  1:  Check  the  current  state  of  vacuum  inside  the  LABCEDE  shroud  ("the 

tank")  and  within  the  electron  beam  formation  chamber  ("e-beam 
chamber" ) . 

For  the  Tank,  use  the  convectron  gauge  (cold  cathode)  located 
above  the  multichannel  chart  recorder  on  the  window  side  of  the 
tank.  This  gauge  is  normally  left  on  all  the  time  and  can  read 
pressures  from  5  mtorr  to  999  torr.  If  the  tank  pressure  is 
below  ~  1.4  torr,  the  baratron  head  pressure  readout  on  the  MKS 
flow  controller  provides  a  more  accurate  measurement.  This  flow 
controller  (positioned  above  the  gas  cylinders)  is  normally  shut 
off  at  the  end  of  the  day,  so  it  will  be  necessary  to  turn  it  on, 

and  select  a  pressure  range  xl  or  X10  representing  a  1  or  10V 

maximum  signal  level.  A  flashing  readout  means  the  readout  is 
overranged.  A  leak  rate  of  a  couple  of  torr  per  week  is  common. 

For  the  e-beam  chamber  use  the  thermocouple  gauge  meter  mounted 
in  the  equipment  rack  directly  behind  the  e-beam  chamber.  Note 
the  TC-gauge  is  positioned  in  the  vacuum  line  between  the  mech¬ 
anical  pump  (normally  on)  and  the  diffusion  pump  (normally  off). 
The  equipment  rack  is  normally  powered  down  and  is  turned  on  with 

the  topmost  toggle  switch  (obvious).  Next  turn  on  the  TC  gauge 

power  switch  and  select  "TC  #2."  A  1  to  5  mtorr  reading  repre¬ 
sents  the  mechanical  pump  minimum. 

Step  2:  Proceed  to  the  pump  room  and  turn  on  compressed  air,  water  flow,  oil 

flow  and  close  the  vacuum  backfill/vent  value. 

The  compressed  air  line  valve  is  located  within  the  "Rat  Hole"  of 
the  pump  room  (at  the  junction  of  the  welding  supply  wall  and 
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window  wall).  This  valve  points  up  and  to  the  window  side  of  the 
horizontal  pipeline  near  the  Rat  Hole's  left  edge  and  at  a  depth 
into  the  hole  of  about  1  ft.  A  brass  dogtag  stamped  "Air"  can  be 
used  to  positively  identify  the  valve.  (A  flashlight  may  be 
required  to  read  the  dogtag.)  This  valve  should  be  opened  com¬ 
pletely.  An  audible  hiss  of  air  flow  should  immediately  be 
perceptible.  A  strain  gauge  pressure  dial,  located  ~  12  ft 
height  between  the  welding  supply  and  the  diffusion  pump,  should 
read  a  pressure  of  about  75  psi  or  about  11:00  o'clock  on  the 
dial.  If  the  building  air  supply  is  off  a  cylinder  of  compressed 
air/N2  is  normally  located  nearby  and  can  be  connected  up  using 
poly flow  tubing  (~  100  psi  rating). 

The  water  flow  control  system  hangs  on  the  hallway  side  of  the 
diffusion  pump  at  about  chest  level.  Locate  the  water  booster 
pump  in  this  area  and  follow  the  pipelines  to  find  the  inlet 
valve  (orange/red  handle  lever  action)  and  the  outlet  valve  (blue 
metal  handle  with  rotation  action).  Open  these  valves,  listen 
for  waterflow  and  note  the  rise  of  the  float  type  water  flow 
meters.  Reading  the  top  edge  of  the  float  should  show  a  flow  of 
about  2-1/4  GPM  (1/3  column  rise)  into  and  out  of  the  diffusion 
pump.  Currently,  the  float  to  the  Kinney  mechanical  pump  is 
stuck  up!  Closing  the  lever  action  inlet  valve  should  produce  an 
audible  clank  and  flow  stoppage.  To  start  the  water  booster 
pump,  locate  the  "Monitor"  panel  box  with  start/s top/reset 
switches.  Press  start  and  release;  the  booster  pump  should  come 
on  (sound  of  the  motor)  and  the  floats  should  read  5  CPM  (near 
the  column  top).  Do  not  shut  the  water  valves  with  the  booster 
pump  running.  Note  sweating  of  all  water  pipes  is  common, 
particularly  during  3H  weather. 

The  oil  flow  valve  (orange  handle  lever  action)  on  the  window 
side  of  the  Kinney  mechanical  pump  must  be  opened  (parallel  to 
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the  pipeline).  Failure  to  open  this  valve  produces  a  loud  clank¬ 
ing  noise  and  low  pump  capacity,  i.e.,  high  tank  pressure,  and 
will  lead  to  pump  damage. 

On  the  vacuum  line  between  the  gate  valve  and  the  L-H  Roots 
hlower  pump  is  a  Swagelock  terminated  1/2  in.  copper  line  open  to 
the  room  air.  The  valve  on  this  line  (small  green  handle  00  Hog 
pivot  action)  must  he  c losed/eross i ng  the  pipeline.  This  valve 
is  used  to  hack f i 1 1/vent  the  pumps  to  atmosphere  on  shutdown. 

tep  1:  The  pump  start  up  is  controlled  at  the  equipment  racks  just  inside 

the  I.ARCFDE  single  door  entrance  (see  e-beam  chamber  pump  down). 

Pressing  the  start  button  above  "Mechanical  Pump  #1"  should 
pi  oduce  a  red  light,  an  audible  pump  tumble  and  a  perceptible 
floor  vibtation.  Va i t  five  minutes  then  rotate  the  "Hate  Value 
#2"  switch  to  open.  A  bus- i  ng/lt  i  ss  i  ng  sound  lasts  -  bs.  The 
pr  cosine  in  the  lank  should  diop  and  asymptote  to  the  1  toil 
range  (taking  b  min  fot  a  seveial  totf  starting  pressure). 

Relow  lb  toil  the  toots  hlowei  ran  be  started.  The  start/stop 
panel  switch  is  on  the  wall  neat  the  windows  and  the  I .N 2  overflow 
tank.  The  pressme  should  drop  mote  tapidly  with  the  Roots 
hlowet  on  and  asymptote  to  the  2  mtorr  range  (5  min). 

Relow  0.1  toil  the  "Diffusion  Pump  #2"  can  be  tinned  on.  The  ted 
light  will  glow,  but  no  othet  perceptible  phenomena  will  occur 
until  the  pump  becomes  hot  in  about  40  min.  Typical  operating 
piessutes  into  the  middle  lo  '  tort  range  reflect  reasonably 
c 1  can  va 11s, 

The  opeiation  of  the  diffusion  [tump  can  be  checked  by  adding 
10^  seem  N-t  with  the  flow  conductance  valve  ( pump  end  of  tank) 
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open  (linn).  This  normally  pi  educes  a  picruiir  of  4.8  mtorr 
*  n . m  toil. 

top  4;  Ci  voj'mir  I.ABl'FDF  opeiation  should  hop;  i  n  nov,  hut  is  optional! 

(Skip  to  the  next  step  if  a  vnim  shioud  is  adequate.). 

The  outdooi  reseivoii  should  have  a  minimum  dial  position  of 
•  ‘I :  (10  o'clock  foi  an  adequate  supply  foi  cooling  1,/MU’FDF. .  The 
lank  holds  -  11’jO  gal  at  the  1 J :  It )  1:00  n’  r  hick  (full)  position. 
The  dial  ino”ps  cmmici  <  lockvjse  as  the  tank  empties.  To  bog  i  n 
cooling  the  shioud  open  "a  I  lln,  1  n  / ,  111.  in1'  (the 

"Regain  tot "  fiactimi  open),  inh  (the  main  inlet  valve  located 
he  1  nv  the  |  .N  i  oveiflov  tank);  and  close  all  otliei  v.  lives.  Tin 
"Rej.ni  I  a  t  oi  "  va  l”e  (tin1)  has  a  s  t  i  i  up;  that  rnaiks  its  position.  lln 

s  t  i  i  ng  should  he  positioned  at  1  I  :  no  1  ?  :  00  o  '  <  1  oi  k  (  1  / tutu 

open)  foi  a  standaid  coolduvn.  Adilitionnl  open  i  ng/c  ]  os  i  ng  vill 
pi  oduce  qu i < ket /s 1 ovei  ioolinj>;.  Tutn  on  the  W  channel 
f  hei  wnr oup  1  e  chart  lecoidri  and  mark  it  villi  the  date  and  time. 
Pay  ratoful  attention  to  the  tank  ptessute  leading.  At  least 
mice,  possibly  tviee,  latp,e  pi ossut e  but  sis  vill  occiit  due  to 
leakage  (tom  expans i on/ con t i ac t i on  strain  in  the  cooling  system. 
These  piessuie  hutsts  ate  halted  by  closing  the  "Regulate!"  valve 
ftltl't  until  the  ptessute  diops.  then  lenponillg  for  I, Ns  flov .  Onn 
the  t  empei  a  I  in  e  has  begun  a  stead'/  decline  1  lit  these'  hoists 
should  stop.  Total  t  oo I  do  -  ai  time  i s  at  iahle,  hut  no  t  ma 1  I  V 

I  equ  i  I  es  t  to  h  lit  at  the  s  t  a  tula  .  d  II  ov  i  a  !  e  .  Ott  i  <  k  l  cool  do-  u' 
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Stop  b:  The  e  beam  chamher  can  he  pumped  down  simultaneous  with  the  tank 

because  the  1  in.  tin  oat  gate  valve  sepai at i hr  these  tanks  is 
noi mu  1 1 v  c  losed . 

Open  the  water  flow  valve  (blue  metal  handle  lotation  action) 
located  below  the  roots  blovei  star f /stop  switch.  This  valve 
points  into  the  loom  on  a  hoi i rental  pipeline  and  can  he 
identified  by  a  papei  dogtng  labeled  Stai  t  the  mechanical 

pump,  (if  not  alteady  on)  vail  foi  the  foieline  pi essm  e  to  i each 
0.1  toil.  The  red  push  button  "Diffusion  Pump  It/"  illuminates 
when  the  pump  is  toggled  on.  Immediately  fill  the  I.Nv  cold  tiap. 
In  about  .10  min  the  ion  gauge  (move  cables)  will  reach  the  middle 
10  ^  torr  range. 

step  (>:  Uni  m  up  the  e  beam  filament  .slowly.  The  high  voltage  power  supply 

neat  the  bottom  of  the  e  beam  equipment  rack  should  he  switched  At: 
on,  hut  HV  off  to  allow  it  to  vatni  up.  The  c  beam  filament  powet 
supply  inside  the  plexiglass  box  should  be  on  and  the  box  fan  at  the 
teat  of  this  plexiglass  enrlosnie  should  be  operating.  Rotate  t he 
voltage  i nut  t  ol  (plastic  tube  extension)  many  turns  clockwise  and 
obsei  ve  about  ?  A  filament  cutient.  Rotate  the  emtent  eoutiol 
(plastic  tube  extension)  clockwise  in  ?.  to  ’,A  inctements  every  r)  min 
to  watm  up  the  filament  do  not  exceed  IRA  on  the  filament  supply  at 
this  t i me . 

Step  1:  Watm  up  the  e  beam  focusing  electromagnet.  Beside  the  e-beam 

equipment  tack  is  an  additional  powet  supply  and  digital  volt  metci 
used  to  operate  foeusing  magnet.  Turn  these  units  on  and  totate 

the  cu  t  t  en  t  /  vo  1  t  age  conttols  to  set  a  cu  t  tent  limit  above'  6A  (light 
ovet  the  cut  tent  ccuitiol).  Rotate  the  voltage  control  to  set  an 
opeiating  voltage  of  ?V  ( nn  t  espouds  to  about  6A)  in  constant 


voltage  mode. 


Step  8:  Stnt  t  B  Field  water  cooling  system.  Neat  the  junction  of  the 

windows  and  the  sink  is  located  a  set  of  water  filtets  for  the 
B-Fipld  water  cooling  line.  Trace  the  lines  and  locate  the  small 
green  handle  90  deg  pivot  bleed  valve  with  plastic  tube  line  to  the 
sink.  Close  this  val  ve/ci  o.ssing  the  tubeline.  Open  the  water  inlet 
and  outlet  valves  to  the  watei  filters  (change  every  5  months).  Tire 
water  pressure  should  Ire  65  psi.  On  the  back  flange  of  the  FABCF.DE 
tank  (window  side)  is  a  switch  to  the  B-Fielrt  water  coil  booster 
pump.  Toggle  this  switch  to  on  and  the  pressure  should  i ise  to 
IK)  psi.  Note,  a  pressure  sensor  in  the  water  line  ptevents  B  Field 
star  tup  unless  the  watei  pt essut e  is  high. 

Step  9:  Introduce  gas/mixtures  info  the  tank.  The  MRS  Flow  Controller 

handles  three  lines  of  gas  introduction  A,B,C.  Fine  C  ran  be  touted 
to  a  1/4  in.  tube  outlet  or  into  the  heat  exchanger /pot ous  plug  on 
the  shi ond  via  a  three  way  valve  on  the  tank  above  the  flow 
controller.  Fines  A,  B  always  go  to  the  porous  plug.  The  flow 
readouts  ate  always  itr  seem,  the  decimal  point  on  line  C  is  marked 
in  pen.  Maximum  total  flow  is  1500  seem.  Note,  by  closing  the  pump 
conductance  valve  at  the  end  of  the  shroud  (max  closed  is  1 ',8 ,  full 
open  is  000)  it  is  possible  to  obtain  high  pressure  even  at  low  flow 
rates.  Also,  two  ranges  are  available  on  the  flow  control  lines;  be 
careful  not  to  overload  the  diffusion  pump.  If  tire  pressure 
continues  to  climb  mono  ton i ca 1 ly ,  then  the  gas  load  is  too  high 
(settling  times  of  <  2  min  are  reasonable). 


Step  10:  Open  1  in.  apei  tine  gate  valve  between  tank  and  o  beam  chambers. 

Step  11:  Electron  beam  turn  on  is  next.  If  pulsing  is  required  attach 

Wavetek  at  "minimum"  attenuation  oi  the  Geneial  Radio  at  ]Q%  full 
amplitude  (~  20V  out).  Trim  high  voltage  power  supply  HV  switch  to 
the  on  position  and  select  t he?  e-beam  energy.  Hold  the  temporary 
contact  switch  to  tire  ma  position  while  rotating  the  filament  power 


supply  current  control  (plastic  extension)  to  obtain  10  mA  CW 
emission  current  (max  is  25  mA).  Be  careful  never  to  exceed  20A 
total  filament  heating  current.  To  begin  pulsing  rotate 
potentiometer  dial  reading  (located  inside  plexiglass  enclosure) 
from  99R  to  110  using  tlte  insulated  screwdriver.  If  the  emission 
current  falls  to  zero  reduce  attenuation  on  the  Wavetek  or  increase 
output  amplitude  on  the  (.eneral  Radio.  Adjust  filament  current  to 
obtain  desiied  emission  current  ( in  mA  peak  current  max).  Note 
emission  cut  tent  is  avetage  and  must  be  divided  by  duty  cycle  to 
obtain  peak  cut  tent. 

Step  12:  Turning  on  the  large  magnetic  coils:  check/selec t  the  hi/lo  range 
of  the  Miller  Welding  Power  Supply  in  the  pump  room.  This  switch  is 
located  just  above  the  large  multipin  MS  remote  control  cable 
connection.  Returning  upstairs;  near  the  gas  cylinders  is  the 
on/of f /control  box.  The  maximum  continuous  operation  is  at  a  dial 
valve  of  40  on  the  high  range.  Always  dial  down  to  zero  prior  to 
t.urni  ng  on  oi  off. 

Step  11:  The  e  beam  alignment  is  adjusted  using  the  focusing  magnet  powet 

supply  (2.SV/RA  max);  the  small  external  steeling  magnet  below  the 
1  in.  gate  valve  and  the  B-Field  dial  valve.  A  change  in  any  of  the 
above  and/or  pt essut e/ f low/pump  conductance  will  effect  the  c  •  beam 
size  and  trajectory.  The  e-beam  is  adjusted  visually  via  the  window 
port  neat  the  e-beam  chamber. 

Step  14:  Make  the  detector  operational  and  begin  experiments. 
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I.ARCF  l>F,  Shu  I  doyn 

Step  1:  Nitrogen  (3  to  5  mtoii,  pump  conductance  valve  open)  should  always 

he  introduced  to  a  CW  e  beam  lot  10  min  at  the  end  of  the  day;  this 
is  thought  to  extend  the  filament  lifetime. 

Step  2:  Shut  off:  the  tank  "Diffusion  Pump  #2,"  the  red  light  should  go 

out.  Note  this  shut  off  time  because  this  diffusion  pump  will  cool 
in  about  55  min.  Turn  the  high  voltage  to  OV  and  the  HV  switch  to 
the  off  position.  The  e-beam  should  not  he  observable.  Close  the  1 
in.  gate  valve  between  chambers.  Turn  the  B-Field  dial  to  zero  then 
switcli  power  off,  hut  continue  watei  flow  to  cool  the  coils.  Reduce 
then  shut  off  focusing  magnet  powet  supply  and  voltage  meter.  Shut 
off  all  gas  flows  and  open  pump  conductance  valve.  Fill  LN2  trap  of 
e  beam  chamber. 

Step  3:  Close  the  main  LN;>  access  valve  ttlDA  below  the  oveiflow  tank,  then 

open  all  other  I.Np  valves.  A  fast  flow  may  persist  for  several 
minutes  to  cleat  the  lines  but  15  min  should  produce  an 
audible/observable  boil  off  gas  flow  reduction. 

Step  4:  Slowly  reduce  filament  current  i.e.,  2  to  3A  decrements/5  min.  The 

last  2A  current  decrement  requites  the  voltage  control  to  be  turned 
fully  counterclockwise. 

Step  5:  Tut n  off  the  e  beam  diffusion  pump  once  the  filament  current  is 

reduced  below  ~  6A.  This  diffusion  pump  cooling  time  is  about 
30  min. 

Step  6:  When  the  B  Field  cooling  watei  temperature  is  below  60°F  and 

stabilizes,  shut  off  the  boostei  pump  then  the  water  inlet  and 
outlet  valves  and  bleed  the  watei  line. 
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Step  7:  When  the  e  beam  diffusion  pump  exhaust  aim  is  cool  to  the  touch  shut 

off  the  cooling  water  to  the  pump. 

Step  8:  When  the  tank  pressure  rises  to  30  mtorr  turn  off  the  roots  blowei 

and  observe  a  more  rapid  pressure  lire  to  ~  60  mtorr  before  closing 
"Cato  Valve  ft  P .  "  A  bs  buzz/hiss,  maybe  a  thud,  is  pei  cept  ible. 

This  sound  matks  the  closing  of  gale  valve.  The  piessuie  in  the 
tank  should  now  he  neatly  constant.  If  it  isn't  the  valve  may  not 
b..  i  1  osed .  T’nis  is  i  :;.poi  t  .an !  .  If  uncertain  repent  m  add  gas  and 
obsei  ve  no  pumping.  Now  turn  off  the  "Mechanical  Pump  ft  1  "  ( t  erl 
1 i gh  t /no i so/ v i hi  a t i on  halts). 

Step  9:  In  the  pump  room,  shut  off  the  water  booster  pump,  close  the  inlet 

and  outlet  water  valves,  close  the  "Rat  Hole"  compressed  air  line. 
The  hiss  of  compressed  ait  will  continue  for  several  minutes  note 
the  piessuie  dial  decline.  Next  close  (cross  pipeline)  the  Kinney 
oil  flow  valve  and  vent  the  pumps.  Be  sine  to  close  the  vent  valve 
aftei watds  to  avoid  a  staitup  headache.  Lock  the  door. 

Step  10:  Check  that  the  tank  piessuie  is  stabilized;  shut  off  flow 

r  on  t  t  o 1  lei  ;  shut  off  equipment  lack;  check  all  watei  flows  aie  off; 
check  all  electronics  aie  off;  shut  down  computer/aii  conditioning; 
check  1  ,Np  flow  is  stopped.  Lock  door. 


Recommenda  t  i  ons/Upg 1  ades 

1.  TC  gaugo/remote  readout  on  foreline  between  Kinney  and  Roots 
Ion  gange/cont 1 ol lei /readout /rallies  foi  e  beam  chamber 
1.  Emission  current  mon  i  tor/readout /regulator  with  limits 

4.  Pump  mom  cleanup 

5.  Compressed  air  line  valve  repositioning 
(i.  LN2  flow  meter 

7.  F,  beam  chamber /wa  t  ei  flow  melei  . 
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APPENDIX  C 


COMPUTATION  OF  ELECTRONIC  SPECTRA  OF  DIATOMIC  MOLECULES 

C. 1  INTRODUCTION 

When  analyzing  spectral  data  for  the  purposes  of  determining  populations  (or 
relative  populations)  of  various  radiators,  it  is  often  necessary  to  predict 
the  relative  intensities  and  shapes  of  the  various  transition  spectra, 
especially  where  overlap  is  severe.  In  this  report  we  describe  a  method  which 
we  have  used  to  perform  such  predictions  for  electronic  transitions  of 
diatomic  molecules. 

The  model  is  based  upon  the  work  of  Kovacs^-l  and  is  implemented  through  a 
major  modification  and  extension  of  the  computer  code  of  Whiting,  et 
al  C-2.C-3  The  current  model  considers  singlet-singlet,  doublet-doublet,  and 
tr iplet-triplet  dipole  transitions  in  the  optically  thin  limit.  Lambda 
doubling  is  not  considered.  The  code  is  constructed  in  such  a  way  that 
extensions  are  easily  implemented.  Some  possible  extensions  will  be  discussed 
in  Subsections  C.5.4  and  C.6. 

The  method  of  distributing  the  line  intensities  over  wavelength  is  only 
slightly  modified  from  that  of  the  original  code.  For  our  purposes  we  have 
used  a  trapezoidal  (as  opposed  to  Voight)  line  shape  but  have  retained  the 
original  algorithm  for  convolution  with  slit  functions. 

At  present  the  code  has  been  written,  debugged  and  partially  validated.  It 
has  been  adapted  to  our  immediate  needs  and  is  not  currently  "user-friendly." 
Necessary  validation  and  refinements  are  currently  in  progress. 

C . 2  THEORY  OF  LINE  INTENSITY 

The  intensity  of  a  spectral  line  in  emission  from  state  u  =  (n',v',  J',i')  to 
state  1  =  (n", v", j", i")  is 
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( 


iV  =  N  hcoo“  x  10  7/4n 
1  u  1  1 

where 

n  designates  the  electronic  state 

v  designates  the  vibrational  level 

J  designates  the  total  angular  momentum 

i  designates  the  spin-spin  component  of  the  angular  momentum  state 

I  is  V/cm^-sr 
Nu  is  particles  cm-^ 

A  is  the  Einstein  coefficient  in  (s)-* 
h  is  Planck's  constant 
c  is  the  speed  of  light. 

and  is  the  wavenumber  of  the  transition: 

u 

60.  =  60  -  60. 

1  U  1 

where 

«(n',v',  J',i')  =  T'e  +  G'(v')  +  Fi'(v'f  J')  .  (C-2) 

Here,  Te  and  G(v)  have  their  usual  meaning  and  Fj'  (v',J')  is  the  usual 
rotation/spin  part. 

This  and  the  next  section  are  concerned  with  the  computation  of  the  rotation/ 
spin  distribution  of  a  particular  electronic/vibrational  transition.  If  it  is 
assumed  that  the  spin  and  rotational  states  are  given  by  a  single  temperature, 
Tr,  then: 
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Nv,(2J+l)  exp( -F . , ( v' , J' )  hc/kt) 


J  J'i' 
xt  J  "  i  " 


n"v"  (2J' +1)(2S' +1) 


(C-4) 


and  thus 


M  /  An  V  U  1  10 
N  '  A  „  „  hew  .  — 
v  n"v"  u  4n 


JVV 

**  J"i" 


expC-F^v'  ,J')  hc/kTr 
(2SV +1)  Qd 


(C-5) 


The  transition  frequency  is 


W1  =  “ol  + 


(C-6) 


where  w^  is  the  band  origin. 


/  J'i' 
J  "  i  " 


is  the  line  intensity  factor  normalized  that 


p  /j'i" 
j-Tj ~ 


(2J"+1)(2S'+1) 


(C-7) 


and  F  are  found  in  an  accepted  manner0-4,C-5  by  describing  the  eigen¬ 
functions  of  the  states  as  a  linear  combination  of  eigenfunctions  of 
hypothetical  pure  Hund's  case  (a)  eigenstates.  In  pure  Bunds  case  (a),  the 
eigenvalues  and  transition  intensity  factors  (Honl-London  factors)  are  known 
from  separation  of  the  wave  equation: 


(Ha  -  Fa)  ^  =  0 

\  i  Ti 


(C-8) 
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The  ease  (a)  eigenvalues,  Fja,  are  known  as  a  function  of  total  (J)  and  axial 
component  ( 0)  of  the  angular  momentum  and  will  be  given  in  the  next  section. 
The  intensity  factors  are  given  in  Table  Cl  for  the  three  branches. 


TABLE  C-l.  Hund's  case  (A)  line  strengths. 


Branch 

AO  0 

AO  ^  4 1 

P(J"=J'+1) 

2  2 
( J '  + 1 )  -  53 

(J'+lTO'  )  ( J  '  +2+  0'  ) 

(J'*l) 

2( J ' +1 ) 

Q( J"=J' ) 

Q2  ( 2  J '  *  1 ) 

(J'+U0'  )(J'±0'  ) (2J '  +  1 ) 

J(J  +  1 ) 

2J'(J'+1) 

R( J"=J ' 1 ) 

J '  2  -  02 
’  J' 

(J'  +  O' >(J'±Q' -1) 

2  J ' 

AO  -  0' 

Q" 

The  real  eigenfunctions  and  eigenvalues  are  found  from 


(Ha  +  H'  -  F i )  vpi  =  0 


(C-9) 


by  writing 


**  =  E 


c  Ia 

ski*k 


(C-1C 


and  substituting  in  Eqs.  (C-8)  and  (C-9)  to  give 


Sli<Fl 


Fi>  +  l  SkiHik  =  0 
k 


(C-l  1 


[5T*] 


Fj  are  the  desired  energy  levels.  The  transition  amplitudes  are  given  by  the 
transformation  of  the  dipole  moment  between  the  upper  and  lower  states, 


(  C- 12) 


The  index  1  sums  over  the  case  (a)  spin  configurations  and  the  matrix  element 
K^/a  is  of  course  the  given  function  of  J',J",Q'  =  E '  ( 1 ) ,  and  Q" . 

The  treatment  presented  so  far  is  exact.  Any  basis  set  could  be  used  even  for 
A  -  0.  The  case  (a)  basis  set  allows  one  to  specify 

Hlk  •  (C-13) 

These  matrix  elements  and  t he  F are  given  by  Kovacs  including  spin  orbit, 
spin-spin,  spi n - rota t ion ,  and  centrifugal  distortion.  Interactions  with  other 
electronic  states  have  not  been  considered  in  our  work. 

C.  1  COMPUTATION  OF  TRANSFORMATION  MATRICES  AND  ENERGIES 


In  this  section  we  discuss  the  solution  of  Eq .  ( C— 1 1 )  for  the  transformation 
matiix  S  and  for  the  eigenvalues  F.  The  solution  for  singlet  is  just 
Table  C  l  for  the  amplitvides  and 

F  B  D  (C-U) 

v  A  v  A 


and 


7  ? 

j:  -  j(jfi)  -  a 

A 


(C-15) 


C.3.1  Doublets 


The  eigenvalues  for  doublets  found  from  solution  of  Eq .  (C-ll)  are  rewritten  as 


F1  +  H11 


(C-16) 


F2  +  H  2  2  J  S2i, 


By  subtracting  one  half  the  trace,  F,  of  the  matrix  from  both  sides  we  obtain, 
using  Kovacs'  values  for  Fa  and  H^j, 


rs  hwsh 


lH  -sJls2i, 


( C— 17) 


where 


~  /2B  -  A  -  4D 

2  \  v  v  v  A/ 


=  B  -  l  -  2D 


-  G-  *  i)‘ 


( C— 18 ) 


and  F  = 


8  J2  -  J 
v  A  2 


f.4  i2  a4> 
JA  *  JA  *  A  , 


400 


The  solution  to  Eq.  (C-17)  is: 


X.  =  +  (s2  +  H2) 
1 

S, .  =  H/D 
1 1 

S2.  =  (X.  =  S)/D 
D2  =  2X.(X.  -  6) 


1/2 


> 


(C— 19) 


These  are  given  in  slightly  different  form  by  Kovacs^-!  (pg.  61),  for  Dv  =  0 
and  y  =  0.  Kovacs  chooses  to  treat  Dv  and  y  as  perturbations;  however,  there 
is  no  numerical  reason  for  doing  this.  It  is,  in  fact,  numerically  easier  to 
solve  as  shown  above.  We  note  that  at  J  =  A-l/2,  =  0  and  there  is  only  one 

eigenvalue,  X  =  -6  for  which  the  S's  are  non-zero.  This  solution  gives  Sj  =  0 
and  S2  =  1  as  expected.  Thus,  Eq .  (C-ll)  is  valid  for  all  J.  Application  of 
these  results  in  Eq.  ( C - 1 2 )  is  discussed  in  Subsection  C.5.2. 


C . 3 . 2  Triplets 


For  triplets,  Eq.  (C-ll)  is  written  as 


1 +  H11 

H12 

H13 

Sli 

hi 

21 

F2  +  H22 

H23 

S2i 

=  F. 

\ 

hi 

31 

H32 

F3  *  H33, 

S3i, 

S3i, 

(C-20) 


where  the  Fa^  and  Hj j  are  taken  from  Kovacs. The  matrix  can  be  reduced  for 
computation  by  first  subtracting  F,  one  third  the  trace  from  the  diagonal  of 
each  side  of  the  equation.  Then  the  Sj  and  S3  are  transformed  to 
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sli  - 


H 1 2  S1 i  +  H23S3i 


S„ .  =  S0  . 

2i  2i 


(C-21 ) 


H  2  3  S 1 i  H 1 3S  3 i 


H2  .  H22  *  H23  .  4J2{b2  *  4D/2  -  Sb^A2/^2} 
"21  ’  "12  =  (bl  -  2V)(2(JA”  A))’/2 


"32  ’  "23  '  K  *  2DvA)(2(JA-  "I)' 


2  2 
=  J(J+1)  -  A 
A 


(C-22) 


b.  =  B  -  2D  {j2.  +  ll  -  y/2 
1  v  v  l,  A  ) 


"l3  3  "31  ■  -2Dv(2(Ja*  A)  2(JA 


P  ■  Bv(JA  *  2/3)  -  DvK  *  4JA  *  8/3aZ  *  4/3)  -  4/3  3 
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The  new  matrix  will  then  have  zero  for  the  2,3  and  3,2  components,  thus 


64-0  H  C. 

/  r 

Sli 

G 

1  i 

t 

/ 

H  -25  0 

S„  . 

=  X. 

S„  . 

2i 

1 

2  i 

G  0  s-n 

\  J 

t 

S.. 

1  3iJ 

SM. 

(C  23) 


where 


5  =  -2/3B  f  2D  (V  -  2/3  A?  <■  2/il  +  e  4-  l/3y 

v  v  V  A  ) 


A. -  F.  -  F 

t  l 


G  -  -  H  li  +■  lit, 
13  h 


n  =  hh  +  H  .  t, 
13  h 


2M12H23  ,2.1/2 

t  =  - n - =  ( 1  -  h  ) 

h  h2 


b  =  A  2B  -  A  -  2D  2J,  +  j 
v  v  v  v  v  A 


K  *  ’)) 


2  (  ?  2  2 
H  h  -  4 A-j b  1  f  4D  A'  Rb 
l  1  v 


,D  J2} 
1  v  A/ 


(C  -24) 


H 


2 

23 
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Equation  (C-23)  is  solved  for  the  S'li  and  Xj  to  determine  S33  and  F3.  The 
solution  method  depends  upon  whether  G  =  0  which  will  be  true  for  A  =  0,  and 
some  other  specific  cases:  e.g.,  Dv  =  0  and  2BV  =  Av.  The  solutions  are  found 
in  Attachment  A. 

Kovacs  has  given  (pg.  69)  expressions  for  the  S33  and  F3  in  approximate  form 
for  y  =  0,  Dv  =  0,  and  e  =  0.  As  with  the  doublet  states,  he  chose  to  treat 
these  terms  as  a  perturbation  His  expressions  for  F3  agree  with  those  of 
HerzbergC-6  and  originate  from  the  work  of  Budo.*-"-?  The  S33  are  the  same  for 
A  =  1  as  those  given  by  Budo.^-?  However,  in  both  cases,  the  S]  3  are  not 
orthogonal  unless  A  =  0  or  Av  =  0.  We  have  checked  our  S33  against  those  of 
Kovacs  for  several  cases  and  find  small  differences;  however,  these  small 
differences  give  detectable  changes  in  the  spectral  shapes.  Whiting,  et 
ai.C-8,C-9  have  also  checked  the  results  of  Kovacs  and  find  little  difference 
with  their  numerical  results  except  at  low  J. 

The  limiting  low  J  for  which  the  above  equations  can  be  solved  is  J  =  A, 

2 

for  which  J^=  A,  H23  =  0,  H13  =  0,  and  thus  G  =  0.  For  this  case  we  get  three 
solutions.  The  first  is  S3  =  S2  =  0  and  S3  =  1  for  F  =  -Fq  =  -A(BV-AV)  +  ... 

For  the  other  two  roots  we  get  S3  =  0  and  F  =  +  e  and  F  =  -  e.  These  two 
eigenvalues  correlate  with  Q  =  A  -  1  and  A  as  S3  =  0  implies.  The  first 
eigenvalue,  -Fq,  has  S3  =  1 .  Thus  must  be  true  for  it  to  be  orthogonal  to  the 
other  two. 

Kovacs  equations  give  values  at  J  =  A  such  that  all  three  eigenvalues  have 
S3  =  0  and  one  of  them  also  has  S2  =  0.  In  fact,  all  of  his  given  S  values 
have  the  same  sign  for  J  =  A  *  0  and  thus  cannot  be  orthogonal. 

There  is  a  rotational  level  with  J  =  A  -  1  which  is  not  split  and  cannot  be 
readily  determined  from  the  above  formula.  For  this  case  H32  =  0  and  N33  =  0 
and  we  will  get  one  eigenvalue  with  S3  =  1  and  S2  =  S3  =  0  with 
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F  =  A(BV-AV)  +  ...  Since  H23  is  imaginary  the  other  two  values  are 
meaningless . 


C . 4  DISTRIBUTION  OF  SPECTRAL  INTENSITY 

The  intensity  of  a  spectral  line  is  given  by  Eq.  (C-5)  along  with  Eq.  (C-10) 
and  the  res"lfs  of  Section  C.3.  The  line  centers  are  given  by  Eq.  (C-6)  and 
the  results  of  Section  C.3. 


This  intensity  is  distributed  over  a  wavelength  indexed  array,  ELAM,  whose 
index,  i,  corresponds  to  wavelengths 


^i  -  \nin  1)&) 


(C-25) 


where  S  =  AA/A  and  Amjn  (and  Amax)  are  code  inputs.  If  A  falls  between  A^_] 
and  Aj  then  the  intensity  is  distributed  between  the  two  values  of  i  and  a 
trapezoidal  manner  thusly; 


E 


(1-1) 


I 


-  X) 


I 


( C  -  26 ) 


where  I  is  a  line  strength  in  U/cm^  sr  and  E  is  in  W/cm^  sr  pm. 

The  exponential  distribution  of  wavelength  was  chosen  because  of  the  desire  to 
cover  a  wide  range  of  wavelength  space.  The  trapezoidal  distribution  of 
spectral  intensity  was  chosen  because  there  was  no  immediate  need  for  a  more 
so  phist  icated  method  and  because  when  convolved  with  a  piecewise  linear  slit 
function  it  will  conserve  energy  with  trapezoidal  integration  over  a  slit 
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function.  Intel ferometr ically  acquired  s|>ectia  may  be  treated  as  long  as  the 
AX  interval  is  less  than  the  interferometer's  resolution  element,  as  described 
below . 

Computation  of  the  E^  array  is  performed  in  the  code  called  RAD  for  a 
particular  band  system  where  a  separate  array  is  produced  and  filed  for 
each  upper  state.  The  upper  state  density  is  taken  as  10^  pai  tides  per  cmK 
A  separate  code,  SPEC,  then  uses  these  E^  arrays  to  compute  synthetic  spectra 
for  specified  upper  state  densities,  instrument  slit  functions,  and  cali 
(nations.  These  convolved  synthetic  spectra  can  then  lie  compared  with 
exper imen tal  obser va t ions . 

The  integration  over  the  slit  function  is  performed  in  the  same  manner  as  the 
NASA  Code,^'^  that  is 

"ad  Ex.c  £<£')<l£' 

1^  * - -  -  ,  u/cm  st  um  (C-27) 

J  f(e')de' 

t 

Where  R(A)  is  the  instrument  calibration,  f(e')  is  the  slit  function,  and  s 
gives  the  range  of  the  slit  function. 

C . 5  APPLICATION  TO  SPECTRAL  SYNTHESIS 

C .  5 . 1  S in g let-Singlet  Transit  ions 

As  examples  of  calculations  of  singlet-singlet  transitions,  we  present  two 
sets  of  spectra  which  correspond  not  to  singlet-singlet  transitions  but  to 
transitions  which  for  our  purposes  were  reasonably  approximated  by  a  singlet- 
singlet  intensity  distribution.  They  are  the  first  negative  bands  of  Np+ 
(B^EiX^E)  and  the  Vegard-Kapland  bands  of  N2  (A^E-»X^E). 
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a .  N  2  +  _B 2  2>X : l  E ) ,  v'=0,  v^_=  0  at  391.4  nm 

This  band  is  treated  as  a  singlet-singlet  transition  since  the  spin-splitting 
constant,  y  -  0.002  cm~l,  of  F,q .  (C  18)  is  much  less  than  any  resolution  of 
«  ni tent  i n  t et  es  t . 

The  spectroscopic  data  for  Ny  +  ai e  taken  from  Huber  and  Herzberg.^  ^ 

Einstein  coefficients  were  taken  from  the  compilation  of  Loftus  and 

Krupen ie . 1 1  The  computed  spectrum  is  shown  in  Figure  C-l  for  Tr  =  85  K  and 

a  triangular  slit  of  width  0.2  nm. 

Since  the  doppler  line  width  is  typically  10~6  0f  the  ijne  position 
(4  x  10"4  nm)  and  the  lines  are  typically  two  rotational  constants  apart 
(4  :<  10"2  nm),  the  0.2  nm  resolution  masks  the  detailed  structure.  In  ELAM, 
AX/A  was  10~4,  about  one-fifth  the  resolution. 

b.  Ny  (  A ^  E  ->X 1  E ) 

The  Vegard  Kaplan  bands  of  Ny  are  spin  forbidden  and  will  be  discussed  again 
in  Subsection  C.5.4;  however,  for  our  put  poses  we  have  calculated  the  spectrum 
assuming  a  singlet-singlet  type  intensity  distribution.  The  slit  function 
applied  is  a  0.66  nm  wide  triangle.  Because  the  R  branch  band  head  is  at 
J  r:  3,  the  branches  overlay  each  other  and  we  need  not  use  a  more 
sophisticated  computational  technique. 

The  spectroscopic  constants  were  taken  from  Loftus  and  Krupenie^-^  and  the 
Einstein  coefficients  from  Shematisky A  portion  of  the  resultant  spectrum 
for  No :  N};  Ny  -  1:0.15:0.03  and  Tg  =  300  K  is  shown  in  Figure  C-2  for  Av  -  -2 
to  11  for  v' - 0 , 1  and  2 . 
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NORMALIZED  INTENSITY 


NORMALIZED  INTENSITY 


WAVELENGTH  (nm) 

Figure  C-2.  Synthetic  spectrum  of  N2(A,v'  <2)->N2(x> v"<13)  "Vegard-Kaplan" 
system  at  300  K.  The  A-state,  v'=0,l,2  have  populations 
of  1:0.15:0.03.  Resolution  is  0.66  nm.  Maximum  intensity 
is  7.2  x  10-18  y/molecule-sr-um .  Each  spectral  feature  is 
comprised  of  an  unresolved  P  and  R  branch. 
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('.5.2  Doublet  Doublet  Transitions 


To  date  we  have  investigated  two  doublet-doublet  transitions:  the  NO-y  system 
(A?E->X;  n)  and  the  N?+  Heinel  system  (A2!laX2E).  In  doublet-doublet  transitions 
there  can  be  twelve  branches.  For  both  of  the  transitions  of  interest  one  of 
states  is  a  sigma  state  for  which  Fj(J)  =  F2(J-1).  Thus  there  are,  to  a  first 
approximation,  only  eight  branches.  There  is  however,  no  need  to  use  this 
approximation  in  the  computation. 

a.  NO(A2E-»X2n) 

The  spectroscopic  constants  were  taken  from  Huber  and  Herzberg^-^  and  the 
F.instein  coefficients  from  Mohlman  et.al.^-^  with  total  lifetimes  of  the 
v n ,  1  and  2  state  taken  as  210,  205  and  200  ns  respectively  to  take  into 
account  the  slightly  longer  lifetime  found  by  Mc0.ee  et.al.^-14  f01  the  v_q 
state. 

The  spectra  are  shown  in  Figures  C-3  and  C-4  for  Tr  =  1200  K  and 
N():N-[:N2  =  1:035:0.03  for  the  upper  state.  The  intensity  of  Figure  C-4  is 
about  seven  times  exaggerated  compared  to  that  of  Figure  C-3.  In  both  cases 
the  slit  function  is  triangular  of  width  at  half  height  of  0.08  nm.  The 
overlap  of  the  branches  and  the  rotational  structure  is  apparent.  At  this 
temperature,  the  bands  from  the  same  value  of  Av  are  close  enough  that  they 
significantly  overlap. 

b.  N2  +  (A2n-*X2E) 

The  spectroscopic  data  for  the  Meinel  system  was  taken  from  Huber  and 
Herzberg.^-^  The  Einstein  coefficients  were  taken  from  the  compilation  of 
Loftus  and  Krupenie.^-H 
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220  225  230  235  240  245  250  255  260 


WAVELENGTH  (nm) 

Figure  C-3.  The  synthetic  spectrum  of  NO(A2£)-»(x2n)  between  220  and  260 
See  text  for  details.  Tr  =  1200  K,  resolution  is  0.08  nm. 
Maximum  intensity  is  7.4  x  10“H  V/molecule/sr-pm. 
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260  265  270  275  280  285  290  295  300 


WAVELENGTH  (nm)  A-7526 

Figure  C-4.  The  synthetic  spectrum  of  N0(A-»X)  between  260  and  300  nm 
for  the  same  conditions  as  Figure  C-3.  Maximum  intensity 
is  1.06  x  10~H  W/molecule-sr-pm. 
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Computed  Meinel  spectra  are  shown  for  Tr  =  300  K  in  Figure  C-5  for  the  &v=3 
sequence  where  =  1:044:0.18:0.068:0.026  and  the  resolution  is 

triangular  with  a  full  width  at  half  height  of  0.52  nm. 

C . 5 . 3  Triplet-Triplet  Transitions 

Computations  for  triplet-triplet  transitions  were  performed  for  the  N2 
Wu-Benesch  bands  (W3A->B3II)  and  the  N2  first  positive  system  (B3I1->A3E). 

a.  N?(B3II->A3E) 

The  data  for  the  first  positive  system  were  taken  from  the  collection  of 
Loftus  and  Krupenie . C-ll  Because  the  A-state  is  a  sigma  state,  there  are  only 
15  branches  instead  of  the  possible  27.  This  is  because  the  transitions  to 
the  spin-split  states  of  adjacent  lower  state  J's  have  nearly  the  same 
frequency,  i.e.,  F^(J+1)  ~  F2<J)  ~  F3(J-1).  There  is  also  near  coincidence  of 
various  bands.  For  example,  the  2-6  and  5-10  transitions  are  both  at  2.1  pm 
and  the  1-5  and  4-9  both  at  2.3  pm.  The  7-13  appears  at  2.2  pm  and  the  6-12 
at  2.5  pm. 

These  features  are  shown  in  Figure  C-6  for  Tv  =  80  K  and  equal  populations  of 
v=l-7  and  a  triangular  resolution  of  5  nm.  Figure  C-7  shows  results  with 
No:N|:N2:N3:N4:N5:N^:N7  =  1:0.8:0.6:0.4:0.2:0.1:0.05:0.025.  The  normalization 
of  the  spectra  of  Figures  C-6  and  C-7  are  such  that  the  peak  intensity  of 
Figure  C-6  is  2.3  times  the  peak  intensity  of  Figure  C-7. 

b.  N2(B3JHV3A) 

The  Einstein  Coefficients  for  the  Wu-Benesch  system  were  taken  from  Covey 
et.al.^-15  Their  given  value  for  Vg  =  6  -»  Vy  =  5  has  been  changed  from  the 
given  1.14  s-3  to  640  x-3  scaling  with  the  Franck-Condon  factors  given  in 
Ref.  C-ll.  The  spectroscopic  constants  were  taken  from  Loftus  and 
Krupenie^-33  with  corrections  to  Te  and  Ay  of  the  W-state  from  Cerny  et  al.^-3^ 
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NORMALIZED  INTENSITY 


WAVELENGTH  (nm) 


A-7527 


Figure  C-5.  Synthetic  spectrum  of  N2  +  (a2j1-*x2e)  "Meinel"  system  in  Av=3 
sequence  Tr  =  300  K,  populations  as  given  in  text.  Indi¬ 
vidual  bands  in  sequence  and  branch  structure  are  resolved. 
Maximum  intensity  is  1.4  x  10“^  W/molecule-sr-pm. 
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Computed  spectra  are  shown  in  Figure  C-8  for  the  2-0  and  3-1  transitions  of 
the  V->B.  These  are  computed  with  Tv  =  80  K  and  a  triangular  resolution  of 
13  nm.  Figure  C-9  shows  the  same  spectra  at  5  nm  resolution.  The  structure 
indicates  the  complexity  of  the  27  band  system. 

C . 5 . 4  0 1 her  Transitions 

In  Subsection  C.4.1,  spectra  of  the  Vagard-Kaplan  bands,  ^(A^E-X^E),  were 
shown  as  computed  from  a  singlet-singlet  transition  distribution.  This 
transition  is  an  electric  dipole-spin  forbidden  transition.  The  line  strength 
factors  have  been  the  subject  of  much  discussion  over  the  years  and  appear  to 
be  resolved  by  the  work  of  Uatson^"'7  (see  also  Hougen'-'-^  and  Kovacs^-^).  The 
values  used  by  Shemansky^-^  were  incorrect. 

4-  — 

For  3E  -^E^,  there  are  four  branches  Qj,  Q3,  ?2,  and  R2 •  The  rotational 
distribution  of  the  intensity  is  given  by  the  equivalent  of  Eq .  ( C- 1 2 )  except 
we  no  longer  restrict  ourselves  to  6E  =  0. 


E 

l'l" 


1 '  1 ' 


1"  i  " 


2 


(C-28) 


where  the  sign  of  square  root  must  now  be  taken  carefully  and  is  dependent 
upon  the  symmetry  of  the  eigenfunction. 


More  generally  we  can  write 


E 

l'l" 


l'l' 
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2 


(C-29) 


where  a]yl"  is  a  unit  upper  and  lower  state  and  of  the  transitions  of 
interest.  Since  there  are  in  general  multiple  unallowed  transitions  with 


417 


NORMALIZED  INTENSITY 


different  transition  moments,  these  will  be  multiple  A  values  for  Eq.  (C-5), 
each  having  a  different  a  matrix.  Whiting,  et  al.  discuss  this  problem  in 
Ref.  C-4  and  present  useful  tables  in  Ref.  C-8. 

Also  of  interest  are  quadruple  transitions.  For  example,  one  component  of  the 
Lyman-Bi rge-Hopf ield  system  is  quadrupole, and  is  nearly  as  large  as  the 
dipole  component  (i.e.  the  quadrupole  Einstein  coefficient  is  about  one  tenth 
the  dipole  value).  Kovacs^-l  presents  results  for  some  quadrupole  transitions. 

C.6  FUTURE  EXTENSIONS 

The  code  must  be  rigorously  validated  before  it  can  be  used  as  a  routine 
spectroscopic  analysis  tool.  This  validation  will  be  performed  by  comparison 
with  experimental  spectra  for  all  bands  of  interest  to  see  if  band  widths, 
branch  structure,  relative  intensities  are  consistent  for  known  systems. 

Aside  from  these  exercises,  additional  refinement  of  the  code  will  be 
necessary . 

From  Subsection  C.5.4,  we  see  that  there  is  need  for  an  algorithm  for 
calculating  the  "symmetry  matrix"  a  of  Eq.  (C-29)  for  forbidden  transitions. 

For  quadrupole  transitions,  there  is  a  need  for  a  set  of  case  (a)  intensity 
factors  as  in  Table  C-l. 

Perturbation  by  adjacent  states  has  not  been  included  in  the  model  and  could 
be  important  for  some  transitions.  An  approach  such  as  that  outlined  by 
Kovacs^-1  and  used  by  Beiting  et  al.^-19  would  seem  appropriate. 

In  some  cases  such  as  the  N2  First  Positive  system,  transitions  are  observed 
for  which  no  Einstein  coefficients  are  given  in  the  literature.  SchaderC-20 
shows  quite  convincingly  that 

Av»v"  ~  qv' v"  f(^)  (C- TO) 
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where  qv<v»  is  the  Franck-Condon  factor  and  f  is  a  function  of  wavelength  only 
and  can  be  found  from  known  values  of  Av<v».  Thus  when  the  Franck-Condon 
factors  are  known,  Avrv»  can  be  extended  by  Eq.  (C-30).  We  would  use  this 
approach  in  determining  populations  from  IR  transitions.  Multiple  emissions 
from  the  same  radiating  upper  state  would  allow  f(A)  determination  or  direct 
Einstein  coefficient  determination  for  these  states.  The  unique  capabilities 
of  LABCEDE  and  COCHISE  may  permit  us  to  carry  out  quantitative  spectroscopy  on 
previously  unobserved  or  weakly  observed  molecular  electronic  states. 

To  a  first  approximation,  we  can  uncouple  the  spin  and  rotational  temperatures 
in  Eq.  (C-5)  by  replacing  the  exponent, 

Fi( (v' , J'  )  hc/kTr  , 


by 


F(v',J')  jc/kTr  +  X.,(v,J')  hc/kTs  , 

where  F  and  are  defined  in  Subsections  C.3.1  and  C.3.2  and  are  computed  in 
subroutines  FSn.  A  careful  analysis  is  necessary  to  examine  the  validity  of 
this  approximation.  But  under  the  single  collision  conditions  of  the 
cryogenic  facilities  spin-equilibration  may  not  be  achieved. 
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ATTACHMENT  A 


Solution  of  the  Triplet  Transformation  Matrix 
We  wish  to  solve  the  matrix  equation 

(.  \  (  '  \  (  >  \ 


6+0  H  G 

sli 

Sli 
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H  -26  0 

S2i 

*rH 

il 
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o> 
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zs 

S,. 

1  3u 

1  3iJ 

for  S]j  and  A^  .  We  discuss  cases  separately. 


A.  G  =  0 


The  A j  can  be  found  from  6-h  and  the  quadradic  for  G  =  0. 
i)  X2  =  5-h 


Sj  =  0,  s2  =  0,  s3  =  1 


ii) 


1,3 


(6-n)  fS-h)2 

2  ±  "2"J 


+  B 


2  6(  6+n) 


s’  =  H/D 

s'  =  (X  -  <$-n))/D 


D2  =  (2H2  -  3(6-n)(X  -  ( 6-n))) 
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B.  G  *  0 


For  G  * 

where 

a“ 

b' 

Given 

Then 


0  ve  use  the  cosie  rule  to  get  the  X^  from 
X2  -  a-  X  +  b'  =0 

=  3S2  +  H2  +  G2  +  b2 
=  2 &  (S2  -  n2  -  G2)  +  (6  -  h)  H2 

f  =  Ja“/3 

cos  0  =  -3/2  b' /(a  f ) 


\\  =  -2  f  cos  ( ( n-0)/3)  =  -  f  a  -  f (3(l-a2))1/2 
X2  =  -2  f  cos  ( ( n-0) /3)  =  -  f  a  -  f(3(l-a2))1/2 
X3  =  -2  f  cos  (9/3)  =  2f a 
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Define 


Tj  =  X  -  (S+n) 
T2  =  X  +  2  6 
t3  =  X  -  (6-n) 


When  for  X3  and  X3 


sj  =  H  T3  T2/D 
S2  =  H2  T3/D 
s'  =HG  T2/D 


D  =  H 


G  T, 


2 

HI. 


For  X2;  T j  and  T3  especially  will  be  small  compared  to  H,  so  we  use 


Sj  =  t3h/d 

52  =  (T1T3  '  g2)/D 

53  =  GH/D 

9  ?  2  ?  2  2  2 

=  T3  H  +  G  FT  +  (Tj^  -  G  ) 
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INTRODUCTION 


We  bombarded  nitrogen  gas  with  projectiles  of  H+,  H2+,  and  H3+.  The  particle  energy  was 
varied  from  0.5  to  1.5  MeV  and  the  gas  pressure  was  controlled  at  various  pressures  from  2 
to  20  millitorr.  The  light  generated  in  the  gas  was  spectrally  analyzed  with  an  air 
spectrometer  and  detected  with  a  photomultiplier  tube.  The  spectra  extended  from  350  to  650 
nm,  and  several  dozen  individual  lines  were  detected,  two  of  which  were  studied  in  detail. 
Our  search  of  the  literature  indicates  that  ours  is  the  first  bombardment  of  nitrogen  gas 
which  used  H3+  as  a  projectile. 

The  ultimate  goal  of  the  experiments  was  to  determine  the  absolute  cross  section  for  the 
excitation  of  individual  states  of  the  emitting  systems.  Therefore,  an  immediate  goal  was  to 
establish  what  alterations  in  the  experimental  arrangement  would  be  needed  in  order  to  meet 
that  ultimate  goal. 

Another  purpose  of  the  experiments  was  to  find  out  whether  and  in  what  direction  further 
experimental  work  would  be  worth  doing. 

It  will  be  seen  from  the  following  report  that  a  great  deal  of  data  of  the  desired  nature  was 
obtained,  and  that  we  were  able  to  reach  significant  conclusions  regarding  the  other  matters 
mentioned  above.  On  the  other  hand,  the  shortage  of  time  made  it  impossible  to  engage  in 
more  than  a  cursory  analysis  of  our  results;  a  more  complete  study  remains  to  be  done  in  the 
near  future.  We  expect  that  the  work  to  date  will  be  suitable  for  preparation  of  a  paper  for 
submission  to  a  major  research  journal. 


PERSONNEL 

The  people  who  were  engaged  in  this  effort  were: 

a)  From  the  University  of  Arizona  - 

Professor  Stanley  Bashkin,  Principal  Investigator 

Mr.  Bijan  Dezfouly-Arjomandy,  graduate  student 

Mr.  Peter  Sercel  and  Mr.  David  Durkin,  undergraduate  students 

b)  From  the  University  of  Nevada  -  Reno  - 

Professor  Reinhard  Bruch 

Mr.  Stephen  Fuelling  and  Mr.  David  De  Witt,  graduate  students 

Note  on  personnel:  Partly  because  of  the  uncertainty  of  long-term  funding,.  Mr.  Dezfouly- 
Arjomandy  has  elected  to  join  another  research  group.  The  visitors  from  Nevada 
participated  in  the  work  for  periods  ranging  from  a  few  days  to  a  month. 


EXPERIMENTAL  PARAMETERS 

The  experimental  parameters  available  for  this  work  were  the  type  of  gas  in  the  target 
chamber,  the  gas  pressure,  the  type  of  incident  particle,  the  particle  energy,  and  the  spectral 
range  over  which  the  observations  could  be  made.  Each  of  these  parameters  merits  some 
discussion. 
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1.  The  target  gas  chosen  was  nitrogen,  for  nitrogen  is  an  important  constituent  of  the 
atmosphere  and  preliminary  measurements  showed  that  it  emits  strong  signals  in  the  spectral 
region  appropriate  to  our  apparatus.  The  cross  section  for  the  formation  of  N2+  by  protons 
has  a  maximum  near  the  bombarding  energy  we  used,  which  helps  to  provide  a  satisfactory 
fluorescence  yield. 

2.  The  gas  pressure  was  controlled  by  an  MKS  device,  and  was  measured  with  an 

MK.S  capacitance  manometer.  With  this  equipment,  we  could  control  the  pressure  to  within  a 

few  per  cent  at  the  lowest  pressure  (2  millitorr)  and  to  better  than  that  at  the  highest  pressure 

we  used  (20  millitorr). 

3.  As  noted  in  the  introduction,  we  used  three  different  ions  of  hydrogen  as  the 
incident  particles.  The  particles  were  extracted  from  a  2  MV  Van  de  Graaff  accelerator 
equipped  with  an  RF  ion  source.  The  emergent  particles  were  mass-analyzed  with  a 
precision-controlled  magnetic  spectrometer,  and  the  appropriate  particles  were  directed  into 
the  target  arm  we  were  using. 

4.  For  much  of  the  work,  we  maintained  the  same  velocity  for  the  incident  particles, 

which  meant  running  at  0.5  MeV  for  protons,  1.0  MeV  for  the  diatomic  hydrogen  ions,  and 
1.5  MeV  for  the  triatomic  hydrogen  ions.  However,  some  data  were  also  taken  for  a 
particular  ion  as  a  function  of  particle  energy.  For  the  data  taken  at  constant  particle 

velocity,  we  used  pressures  from  2  to  20  millitorr  in  steps  of  2  millitorr. 

A  factor  which  is  implicit  in  the  work  is  that  the  particle  energy  was  constant  for  all  data 
taken  at  a  particular  nominal  value.  That  was  the  case,  the  energy  fluctuation  being  of  the 
order  of  10  keV  or  less.  This  stability  of  the  energy  was  accomplished  by  means  of  a  slit 
system  which,  on  receiving  current  from  the  particle  beam,  sent  a  signal  back  to  the 
accelerator  which  adjusted  the  machine  voltage  either  up  or  down  as  required  to  balance  the 
current  to  the  two  slits.  This  system  worked  very  well. 

5.  The  spectral  range  of  the  spectrometer  was  nominally  180  to  900  nm.  However, 
the  actual  effective  range  was  limited  by  the  blaze  of  the  diffraction  grating  and  the  response 
characteristics  of  the  photomultiplier  tube  that  detected  the  optical  signal.  In  our  case,  the 
grating  was  blazed  at  500  nm,  which  meant  that  the  reflectivity  fell  off  rapidly  below  350 
and  above  650  nm.  Within  these  limits,  the  S-20  response  of  the  photomultiplier  tube  was 
satisfactory. 

We  used  a  standard  lamp,  calibrated  by  the  Bureau  of  Standards,  to  measure  the  response 
function  of  our  optical  system.  That  was  not  an  entirely  satisfactory  measurement,  because 
the  lamp  operated  with  a  kilowatt  of  power.  Consequently,  it  was  so  hot  (thermally)  that  it 
couldn't  be  put  inside  the  target  chamber.  Its  actual  position  was  in  the  air,  and  a  blower 
was  needed  to  keep  everything  in  the  vicinity  from  catching  fire.  As  a  result,  two  reflecting 
surfaces  and  a  transparent  window  were  omitted  from  the  path  of  light  from  the  standard 
lamp,  and  the  light  from  the  lamp  did  not  enter  the  spectrometer  along  the  optic  axis. 
Because  of  these  factors,  we  estimate  that  the  spectral  response  function  is  probably  not 
known  to  better  than  30%. 


EXPERIMENTAL  LIMITATIONS 

The  main  limitation  of  our  measurements  was  in  the  determination  of  the  number  of  particles 
incident  on  the  target  gas  as  the  particle  type,  particle  energy,  and  gas  pressure  were  altered. 
The  difficulty  arises  from  fundamental  physical  processes,  which  we  may  describe  as  follows: 
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The  number  of  incident  particles  is  most  directly  measured  in  terms  of  the  electric  charge 
which  is  collected  in  a  Faraday  cup.  Nominally  there  is  one  electronic  charge  per  particle,  so 
the  correlation  of  charge  and  particle  number  is  one-to-one.  The  measurement  is  generally 
complicated  by  the  possibility  that  the  incident  beam  will  graze  a  slit  edge  somewhere  and 
liberate  electrons,  which  are  also  collected  by  the  cup.  thereby  introducing  an  error  into  the 
measurement.  It  is  also  possible  for  electrons  to  be  ejected  from  the  cup,  which  again  causes 
the  measured  incident  charge  to  be  inaccurate. 

These  effects  may  be  avoided,  in  principle,  by  inserting  a  repeller  ring  between  the  entrance 
to  the  cup  and  the  collector  proper.  This  ring  is  biased  negatively,  which  prevents  electrons 
from  either  entering  or  leaving  the  collector. 

However,  the  situation  becomes  more  difficult  when  a  gas  target  is  used,  because  some  of  the 
gas  inevitably  enters  the  cup.  and  then  ionization  occurs  by  virtue  of  collisions  with  the 
incident  particles.  Such  ionizations,  taking  place  between  the  repeller  ring  and  the  collector, 
cause  electrons  to  be  accelerated  to  the  collector,  and,  again,  an  error  is  made  in  the  collected 
charge.  We  actually  took  our  data  without  biasing  the  ring. 

Furthermore,  charge-changing  events  occur  in  the  target  gas  itself,  so  that  some  of,  for 
instance,  the  incident  molecular  ions,  which  enter  the  target  with  a  single  electronic  charge, 
may  emerge  with  two  (or  three)  charges,  while  protons  may  pick  up  electrons  and  enter  the 
cup  as  neutral  particles,  which  are  not  counted.  In  addition,  ions  created  or  electrons 
liberated  in  the  gas  target  may  drift  to  the  collector.  A  final  consideration  is  that  the 
incident  beam  undergoes  scattering  in  the  target. 

These  effects  are  serious  functions  of  the  kind  of  incident  particle,  the  particle  energy,  the 
kind  of  gas  in  the  target,  the  target  pressure,  and  the  geometry  of  the  target/collecting  system. 
These  factors  were  especially  awkward  for  our  arrangement.  What  we  had  to  do  within  the 
time  available  to  us  was  to  insert  a  high-impedance  channel  in  the  beam  pipe,  well  ahead  of 
the  observation  region.  Pumps  were  located  on  the  entrance  to  this  channel  and  on  the  rear 
of  the  target  chamber.  However,  there  was  a  long  beam  path  which  contained  the  target  gas, 
so  that  the  charge-exchange  and  scattering  effects  took  place  over  a  distance  of  about  a 
meter.  The  region  of  observation  was  only  2.5  cm.  long. 

This  means  that  the  measurement  of  the  number  of  incident  particles  was  necessarily 
unsatisfactory.  We  have  carried  out  some  measurements  in  order  to  reduce  the  uncertainties 
inherent  in  work  such  as  ours.  Thus  we  measured  the  current  to  our  collector  with  and 
without  gas  in  the  target  cell,  for  all  three  incident  particles  at  a  common  velocity.  We  have 
used  those  data  to  normalize  the  measured  yields  as  a  function  of  pressure  and  also  of 
particle  type.  We  look  upon  these  data,  which  are  presented  in  the  form  of  graphs,  as 
preliminary,  only. 

Another  limitation  which  also  affects  measurements  of  cross  sections  is  that  the  density  of 
particles  in  the  target  is  not  simply  given  by  the  gas  pressure.  The  reason  is  that  the  beam 
heats  the  gas,  so  that  the  density  of  targets  along  the  beam  axis  is  not  the  same  as  that  of  the 
gas  as  a  whole.  Again,  it  is  not  a  simple  matter  to  make  a  precise  correction  for  this  effect. 

A  further  limitation  has  to  do  with  the  spectral  resolution  and  spectral  range.  In  principle, 
one  wants  to  work  at  the  highest  possible  instrumental  resolution  over  the  entire  spectral 
range.  In  practice,  that  takes  far  too  long  a  time  to  be  sensible.  Instead,  one  uses  low-to- 
moderate  resolution  over  broad  portions  of  the  spectrum,  and  restricts  the  high-resolution 
studies  to  relatively  small  regions.  That  is  what  we  did,  and  the  data  we  present  reflect  the 
choices  made  as  regards  resolution. 

Still  other  problems,  which  are  present  even  if  relative  cross  sections  are  to  be  found,  have  to 
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do  with  the  possible  presence  of  cascades.  If  the  level  whose  decay  is  being  observed  is 
repopulated  by  cascades  from  higher-lying  levels,  the  detected  intensity  is  no  longer  a  direct 
measure  of  the  degree  to  which  the  level  of  interest  has  been  excited.  If,  furthermore,  the 
level  of  interest  branches  into  a  number  of  lower  levels,  it  is  necessary  to  know  the 
branching  ratios  in  order  to  relate  the  intensity  of  a  particular  branch  to  the  population  of 
the  initial  level.  The  lifetime  of  the  level,  a  feature  which  is  virtually  unknown  for  most 
levels  in  the  molecular  systems  we  have  investigated,  is  another  factor  which  must  be  known 
if  cross  sections  are  to  be  deduced.  If  the  emitted  radiation  is  polarized,  further  corrections 
to  the  observed  intensity  are  needed.  Finally,  it  is  obvious  that  to  find  absolute  cross 
sections,  one  must  know  the  absolute  collecting  efficiency  of  the  experimental  system. 

It  should  be  clear  from  the  foregoing  that  a  great  effort  is  needed  to  produce  meaningful 
approximations  to  cross  section  measurements:  we  have  taken  some  of  the  essential  early 

steps. 

EXPERIMENTAL  RESULTS 

We  present  our  findings  in  terms  of  a  set  of  figures,  which  are  essentially  spectra  obtained 
under  different  conditions.  These  graphs  may  be  summarized  as  follows: 

Fig.  1.  Low-resolution  survey  of  the  spectral  region  from  360  to  520  nm.  The 
incident  particle  was  H3+  at  0.5  MeV,  and  the  target  pressure  was  20  millitorr.  This  figure 
shows  that  a  considerable  number  of  individual  transitions  were  detected.  The  strongest  lines 
came  from  N2+,  and  were  1N(0,0),  1N(0.1),  and  1N(0,2),  at  391.4,  427.8,  and  471.0  nm., 
respectively.  We  paid  particular  attention  to  the  band  heads  at  391.4  and  427.8  nm,  which 
belong  to  the  molecular  ion,  N2+. 

Fig.  2.  An  expanded  part  of  Fig.  1.  showing  the  2P(2.4)  and  2P(1,3)  band  heads  in  N2. 
at  370.9  and  375.5  nm,  respectively. 

Fig  3.  A  further  expanded  part  of  Fig.  1,  showing  the  2P(0,2),  2P(2,5),  and  2P0.4) 
band  heads,  at  380.4,  394.4,  and  399.8  nm,  respectively. 

Fig.  4.  A  further  expanded  part  of  Fig.  1,  showing  the  2P(0,3)  band  head  in  N2  at 

405.9  nm  and  the  1N(2,3)  band  head  in  N2+  at  419.9  nm. 

Fig.  5.  A  further  expanded  part  of  Fig.  1,  which  shows  only  very  strong  features 
better  seen  in  Fig.  I.  An  interesting  point  is  that  the  second  Balmer  line,  which  should 
appear  at  434.1  nm  is  probably  not  present. 

Fig.  6.  A  further  expanded  part  of  Fig.  1,  showing  2P(3,8)  and  GK(0,10)  at  441.7  and 
443.3  nm.,  respectively.  The  figure  also  shows  IN(3,5)  and  1N(2,4)  in  N2+,  at  455.4  and 
460.0  nm,  respectively. 

Fig.  7.  A  further  expanded  part  of  Fig.  1,  showing  1  N(  1 ,3)  at  465.2  nm.  There  is 
possible  blending  with  2P(4,10)  and  VK(4,16),  both  at  464.9  nm. 

Fig.  8.  A  further  expanded  part  of  Fig.  1,  showing  2P(  1.7)  at  491.7  nm. 

Fig.  9.  A  further  expanded  part  of  Fig.  1,  showing  1N(3,6)  and  1  N(  1 ,4)  at  501.3  and 

514.9  nm,  respectively. 

Unidentified  features  appear  at:  398.5,  402.6,  403.6,  404.2,  411.0,  417.6,  442.8,  444.2. 
453.2,  489.7,  493.7,  and  501.0  nm. 


Fig.  10.  As  in  Fig.  1,  but  for  a  gas  pressure  of  6.5  millitorr.  and  an  upper 
wavelength  limit  of  570  nm. 

Figs.  11-20.  Moderate-resolution  spectra  for  protons  with  an  energy  of  0.5  MeV 
incident  on  nitrogen  for  target  pressures  from  2  to  20  millitorr.  The  main  feature  is  the 
band  head  at  391.4  nm  from  the  1N(0.0)  level  in  N2+. 

Figs.  21-29.  As  in  Figs. 11-20,  but  for  incident  particles  of  H2+  at  an  energy  of  1.0 
MeV.  These  incident  particles  have  the  same  velocity  as  the  protons  mentioned  above. 

Figs.  30-39.  As  in  Figs.  11-20.  but  for  incident  particles  of  H3+  at  an  energy  of  1.5 
MeV.  These  incident  particles  have  the  same  velocity  as  the  protons  mentioned  above. 

Figs.  40-49.  As  in  Figs. 11-20,  but  in  the  vicinity  of  the  1N(0,1)  band  head  at  427.8 
nm  in  N2+.  The  proton  energy  is  again  500  keV. 

Figs.  50-58.  As  in  Figs.  30-39,  but  for  the  band  head  at  427.8  nm. 

Figs.  59-68.  As  in  Figs.  40-49,  but  for  the  band  head  at  427.8  nm. 

Fig.  69.  Study  of  the  band  head  at  391.4  nm  with  incident  particles  of  H2+  at  0.5 
MeV  and  a  target  pressure  of  14  millitorr. 

Fig.  70.  As  in  Fig.  69,  but  with  an  energy  of  1  MeV.  and  better  resolution.  Here  the 
peak  which  is  furthest  to  the  left  (390.83  nm)  corresponds  to  the  peak  in  Fig.  69  which  is 
just  to  the  left  of  the  valley.  The  improvement  in  resolution  in  Fig.  70  is  evident. 

Fig.  71.  Study  of  the  line  at  391.4  nm  from  1N(0,0)  in  N2+.  excited  with  incident 
particles  of  H^+  at  0.5  MeV,  and  a  target  pressure  of  6.5  mT. 

Fig.  72.  As  in  Fig.  71,  but  for  a  target  pressure  of  20  mT. 

Fig.  73.  As  in  Fig.  72.  but  for  an  incident  energy  of  1  MeV. 

Fig.  74.  A  high-resolution  study  (second  order)  of  the  band  at  391.4  nm. 

Fig.  75.  Study  of  the  band  head  at  427.8  nm  with  incident  particles  of  H2+  at  0.5 
MeV  and  a  target  pressure  of  14  millitorr. 

Fig.  76.  As  in  Fig.  75,  but  with  improved  resolution  (second  order). 

Figs.  77-79.  Normalized  yields  as  a  function  of  pressure  for  the  line  at  391.4  nm.  for 
all  three  incident  particles  at  the  same  velocity. 

Figs.  80-82.  Normalized  yields  as  a  function  of  pressure  for  the  line  at  427.8  nm.  for 
all  three  incident  particles  at  the  same  velocity. 


INTERPRETATION 

We  have  not  had  the  time  to  attempt  a  theoretical  interpretation  of  our  data.  That  will  be 
done  when  a  paper  is  prepared  for  submission  to  a  research  journal.  However,  it  is  worth 
pointing  out  that  the  incident  particles  have  so  large  a  mass  that  they  carry  considerable 
angular  momentum  into  the  collisions.  This  means  that  there  are  essentially  no  limitations  in 
the  interactions  because  of  any  angular-momentum  selection  rules.  According  to  C.  Y.  Fan 
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(private  communication),  it  is  likely  that  the  dominant  mechanism  in  the  excitation  of  the 
nitrogen  molecular  ion  involves  a  direct  interaction  between  the  projectile  and  the  target, 
rather  than  electron  detachment  from  the  target  followed  by  capture  of  that  electron  by  the 
incident  particle.  This  possibility  lends  itself  to  direct  experimental  investigation,  because, 
should  electron  capture  be  significant,  we  ought  to  see  the  Balmer  lines,  several  of  which  lie 
within  our  spectroscopic  capability.  In  fact,  the  second  Balmer  line,  if  present,  would  overlap 
with  2P(0,4),  which  is  very  weak  in  our  spectra. 

The  overall  spectrum  (see  Fig.  1)  indicates  that  a  considerable  number  of  spectral  lines  were 
generated.  It  is  interesting  to  look  at  these  in  terms  of  the  quantum  characteristics  of  the 
states  involved.  In  the  first  place,  the  lines  from  the  molecular  ion  are  far  more  prominent 
than  those  from  the  neutral  molecule.  In  the  IN  system  of  N2+,  the  strongest  lines  belong  to 
transitions  which  start  on  a  level  with  vibrational  quantum  number  0.  This  is  not  surprising, 
since  the  ground  term  of  the  ion  has  that  same  vibrational  quantum  number,  and  the  overlap 
of  the  wave  function  for  the  excited  state  is  greatest  when  the  vibrational  quantum  number 
doesn't  change.  We  see  the  1N((.,0),  (0,1),  and  (0,2)  transitions,  the  apparent  relative  intensities 
of  the  first  two  being  about  the  same,  and  greater  than  that  of  (0,2).  However,  before  one 
can  draw  a  physically  significant  conclusion  from  this,  the  data  have  to  be  corrected  for  the 
wavelength  response  function  of  the  optical  system,  and  that  we  have  not  yet  done. 

It  is  worth  pointing  out  that  we  also  generated  lines  which  start  on  levels  with  higher 
vibrational  quantum  numbers.  Thus,  1  N(  1 .2)  is  quite  strong,  and  1N(3,6)  is  readily  detected. 
We  did  not  have  the  time  to  look  at  these  features  in  any  detail. 

Another  comment  can  be  made:  Figures  77-82  show  that  the  intensities  at  391.4  and  427.8 
nm  do  not  show  the  same  pressure  dependence,  although  all  yields  are  linear  with  pressure. 
Thus  the  yield  of  391.4  is  proportional  to  that  of  427.8,  but  the  proportionality  constants  are 
not  the  same  for  all  incident  particles.  Specifically,  taking  ratios  of  391.4  to  427.8  for  the 
three  particles,  we  have  1.9  for  protons,  1.7  for  diatomic  ions,  and  1.6  for  the  triatomic  ions. 
This  variation  might  not  be  physically  significant,  since  the  uncertainties  are  about  as  large  as 
the  apparent  differences.  It  would  be  hard  to  understand  such  a  variation,  since  the  lines 
come  from  the  same  initial  state,  so  their  relative  intensities  should  be  independent  of  the 
manner  of  excitation. 

As  Figs.  1-10  show,  we  saw  a  number  of  features  belonging  to  the  neutral  molecule,  but, 
again,  there  was  no  opportunity  to  follow  their  behavior  as  a  function  of  our  various 
parameters.  In  the  following  discussion,  we  restrict  our  remarks  to  the  lines  at  391.4  and 
427.8  nm. 

The  yield  from  what  is  nominally  the  same  number  of  incident  charges  is  the  same  for 
protons  and  H2+  particles.  This  suggests  that  the  cross  section  for  excitation  by  protons  is 
twice  that  for  the  diatomic  molecular  ions.  The  yield  from  incident  H3+  particles  is  only  2/3 
that  for  the  same  collected  proton  charge,  which  implies  that  the  proton  excitation  cross 
section  is  4  to  5  times  larger  than  for  the  triatomic  ions. 

It  is  worthwhile  to  point  out  that  comparison  of  our  results  with  those  in  the  literature  is 
virtually  impossible,  because: 

1.  To  our  knowledge,  nobody  else  has  ever  used  the  triatomic  hydrogen  ion  as  the 
incident  particle  in  the  excitation  of  nitrogen. 

2.  Most  of  the  other  work  has  been  carried  out  for  incident  energies  of  a  few  keV,  at 
most,  so  that  we  are  in  a  novel  energy  regime. 
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FUTURE  WORK 


Although  the  present  contract  has  come  to  an  end,  the  work  done  with  its  help  has  pointed 
the  way  to  a  major  improvement  in  the  kinds  of  data  already  taken  and  to  new  experiments 
of  a  broadened  nature.  A  brief  discussion  of  our  intentions  for  the  future  follows. 

We  do  not  lose  sight  of  the  ultimate  goal  of  measuring  absolute  cross  sections  for  the 
exci'ation  of  individual  states.  To  reach  this  goal,  our  present  results  emphasize  the  necessity 
of  improving  the  determination  of  the  number  of  incident  particles  and  the  density  of  target 
particles.  For  the  first  of  these,  we  have  designed  a  novel  Faraday  cup,  which,  along  with 
corrections  due  to  the  energy-dependence  of  charge-changing  events  in  thin  foils,  should 
provide  the  desired  information.  The  second  matter  is  more  difficult,  and  no  satisfactory 
solution  has  yet  been  found.  We  will  continue  to  look  for  ways  of  circumventing  this 
problem. 

Improvements  are  needed  in  the  gas-handling  system.  We  are  now  using  old-fashioned 
diffusion  pumps  with  liquid  nitrogen  traps.  This  has  two  serious  drawbacks.  For  one,  the 
pumping  speed  is  too  low  to  permit  as  wide  a  range  of  target  pressures  as  would  be 
desirable.  Second,  the  cost  of  liquid  nitrogen  is  so  great  that  new-style  pumps,  which  don't 
require  trapping,  would  be  amortized  quite  quickly.  The  modern  pumps  would  also  provide 
perhaps  3  or  4  times  the  pumping  speed  we  can  now  get.  Third,  the  need  to  keep  target  gas 
out  of  the  collector  region  is  severe,  and  better  pumps  would  be  of  material  assistance  in 
achieving  this. 

A  new  target  chamber  is  also  needed.  The  present  chamber  doesn't  have  as  good  coupling  to 
the  pumping  system  as  desired,  and  this  also  affects  the  range  of  pressures  over  which  data 
can  be  taken.  The  special  Faraday  cup  would  be  connected  to  a  new  target  chamber. 

There  is  an  entirely  different  target  chamber  which  appears  to  offer  substantial  advantages 
ov°r  the  present  design,  as  regards  certain  kinds  of  observations.  In  this  chamber,  the  optic 
axis  of  the  spectrometer  would  look  right  along  the  particle  beam,  in  contrast  to  the  present  - 
and  customary  -  arrangement  in  which  the  light  from  the  excited  gas  is  seen  at  right  angles 
to  the  particle  beam.  It  happens  that  the  recoil  particles  emerge  at  right  angles  to  the 
incident  direction,  which  means  that  looking  at  right  angles  to  that  beam  gives  rise  to  the 
maximum  Doppler  broadening  that  occurs.  On  the  other  hand,  looking  along  the  beam 
eliminates  the  linear  Doppler  effect,  and  the  broadening  from  that  cause  is  virtually 
eliminated.  At  the  same  time  that  the  resolution  is  enhanced,  the  total  amount  of  light 
collected  by  the  spectrometer  is  greatly  increased,  and  the  sensitivity  of  the  experiment  is 
made  much  better  than  before.  The  mirrors  now  in  use  would  also  be  eliminated  from  the 
optical  system. 

This  target  chamber  would  be  terminated  with  a  transparent  window,  through  which  the 
spectrometer  would  receive  the  light.  However,  one  cannot  allow  the  particles  to  strike  that 
window,  since  that  would  cause  an  inevitable  blackening  of  and  radiation-induced  damage  to 
that  window.  The  way  in  which  to  avoid  this  problem  is  to  use  a  magnetic  field  to  sweep 
the  charged  particles  to  the  side.  This  would  protect  the  window,  and  all  one  need  do  is 
insert  a  particle  detector  before  the  gas  chamber,  so  as  to  measure  the  number  of  incident 
particles. 

Another  interesting  possibility  with  observations  made  along  the  line  of  the  particle  beam  is 
to  replace  the  spectrometer  with  a  variable  dye  laser.  Such  a  laser  would  permit  us  to  pump 
from  whatever  low-lying  states  were  generated  to  higher  ones,  whence  the  fluorescence  could 
be  simply  detected  with  a  photomultiplier  tube.  We  already  possess  a  variable  dye  laser,  and 
an  argon  ion  laser  which  pumps  the  dye  laser.  Thus  it  is  attractive  to  think  in  terms  of  such 
work.  One  interesting  feature  is  that  spectral  resolutions  far  higher  than  any  we  have  used 
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so  far  could  be  obtained,  perhaps  even  to  the  extent  of  seeing  hyperfine  effects. 

With  additional  diffraction  gratings  for  the  spectrometer,  blazed  closer  to  the  ultraviolet  and 
infrared  spectral  regions,  we  could  examine  spectral  features  now  concealed  from  us.  The 
spectrometer  also  needs  a  better  encoder  to  give  better  wavelength  reproducibility  of  the 
drive.  A  grating  blazed  at,  say,  700  or  750  nm  would  make  it  easier  to  see  the  first  Balmer 
line,  should  electron  capture  result  in  its  presence. 

A  final  desirable  modification  of  the  equipment  would  be  a  new  mount  for  the  spectrometer. 
The  present  structure,  which  was  inherited  from  a  previous  user,  is  massive  and  awkward. 
In  fact,  despite  the  delicate  nature  of  the  optical  components,  the  alignment  of  the 
spectrometer  along  the  beam  axis  requires  manipulation  with  a  crow  bar!  Furthermore,  the 
mount  is  so  made  that  it  is  impossible  to  achieve  a  simple  rotation  about,  say,  the  entrance 
slit,  although  that  is  badly  needed  in  setting  up  the  experiment.  We  hope  to  build  a  more 
suitable  mount  in  the  near  future. 

The  data  presented  in  Figs.  1-10  show  that  the  investigations  we  have  already  made  on  391.4 
and  427.8  nm  could  be  easily  extended  to  the  other  strong  lines.  It  would  be  especially 
valuable  to  examine  423.7  nm,  which  derives  from  1N(1,2),  to  see  if  its  dependence  on  the 
various  physical  parameters  mirrors  or  differs  from  that  shown  by  the  two  lines  we  did 
study.  The  lines  from  the  neutral  molecule  present  another  interesting  field  of  investigation. 
What  is  important  to  keep  in  mind  is  that  we  could  exploit  our  present  equipment  without 
any  change  whatsoever  in  looking  at  those  spectral  features,  and  there  is  clearly  a  lot  of 
appeal  to  taking  good  data  instead  of  improving  the  apparatus. 

It  is  relatively  simple  to  extend  the  variety  of  incident  particles,  and  this  will  be  done  in  the 
near  future.  Similarly,  it  is  an  easy  matter  to  change  target  gas.  We  are  especially  interested 
to  use  C>2.  CO2,  and  air. 

Turning  to  new  kinds  of  experiments,  we  think  especially  in  terms  of  looking  into  the 
chemistry  which  accompanies  the  formation  of  molecular  ions  in  the  vicinity  of  neutral 
species.  For  example,  with  air  as  the  target  gas,  we  could  attempt  to  determine  the  yield  of 
NO,  which  presumably  results  from  the  interaction  of  nitrogen  molecular  ions  with  neutral 
oxygen.  Such  measurements  could  have  significant  application  to  the  upper  atmosphere  of  the 
earth. 

Still  other  inviting  experiments  involve  the  use  of  target  gases  similar  to  those  which  exist  in 
the  atmospheres  of  non-terrestrial  components  of  the  solar  system.  Thus,  bombarding 
methane,  ammonia,  sulfur,  and  other  substances  with  energetic  protons  could  shed  light  on 
events  taking  place  in  various  objects  in  the  solar  system.  While  such  experiments  would  not 
necessarily  be  of  direct  interest  to  the  Air  Force,  it  is  nonetheless  the  case  that  techniques 
learned  in  the  course  of  such  investigations  could  well  have  a  positive  impact  on  those 
matters  which  are  of  immediate  concern  to  the  Air  Force. 


BUDGET 


All  funds  allocated  under  this  contract  were  spent  during  the  contract  period. 


Respectfully  submitted. 


Stanley  Bashkin 
Principal  Investigator 
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APPENDIX  E 


O-ATOM  EMISSION  IN  FAIRCEDE 

The  recent  exciting  LINUS  observations^-!  reminded  us  of  the  1974  observations 
by  Murphy,  Fairbairn,  Rogers,  and  Hart  of  the  infrared  spectrum  of  atomic 
emission  in  a  hollow  cathode  discharge  (FAIRCEDE)  using  time  resolved 
interferometry.  Their  results  were  presented  at  the  DARPA  Fourth  Strategic 
Space  Symposium^-^ .  They  observed  that  in  pure  oxygen  at  high  currents  the 
spectrum  was  dominated  by  atomic  line  emissions.  In  nitrogen,  the  First 
Positive  bands  (B~>A)  are  observed  with  atomic  features  being  very  weak.  The 
band  emissions  increase  with  increasing  pressure  and  current.  Murphy  observed 
that  under  their  conditions,  "the  oxygen  lines  are  much  more  easily  excited 
than  nitrogen  lines"  even  though  the  dissociation  cross  section  of  N2  is  as 
large  as  for  O2  and  the  N-atom  transition  moments  in  the  infrared  are  just  as 
large  as  the  O-atom  moments.  N-afnm  level  depopulation  by  strong  visible 
transitions  may  be  the  cause.  In  air  mixtures  molecular  emission  dominated 
with  NO  Av=l,2  bands  and  N20(V3>  being  observed.  Formation  of  NO  and  charge 
transfer  (N2+-H)2,  NO)  will  also  keep  N-atom  concentrations  low. 

We  report  here  a  re-examination  of  the  rich  O-atom  spectrum  of  FAIRCEDE  to  see 
if  trends  in  the  populations  of  the  emitting  states  can  lead  to  information  on 
excitation  mechanisms.  On  September  27,  1^74,  9  torr  of  O2  was  passed  through 
a  2  amp  discharge.  The  time  resolved  spec t mm  (from  an  8  K  inter ferogram) 
near  pulse  termination  is  shown  in  Figure  E-l.  Spectral  intensities  are  in 
V-cm  and  are  not  corrected  for  InSb  detector  spectral  response  which  peaks  as 
2000  cm-l  and  drops  rapidly  beyond  1800  cm-!.  The  beamsplitter  RT  product 
(which  is  unknown)  probably  limits  the  short  wavelength  response.  The  InSb 
detector  size  limits  resolution  to  15  cm-!  and  its  temporal  response  (~  1  ys) 
limits  the  observed  decays.  Murphy  et  al.^-^  observed  the  line  emission  to 
decay  near  this  rate. 
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Figure  E-l.  Data  from  27  September  1974  observation  of  hollow  cathode  emission  using  time  resolved 
interferometry  pressure  =  9  torr,  current  2  amps.  Lines  are  numberd  as  in  Table  E-l. 


Relative  emitting  state  populations  are  obtained  by  dividing  the  observed 
intensities  (V-cm)  by  gf  factors.  Ve  made  use  of  the  oscillator  strengths  of 
Biemont  and  C.revesseE~3  calculated  using  Coulomb  wave  functions  as  represented 
by  the  Bates-Damgaard  method.  They  do  not  cite  accuracies  but  they  note  that 
the  np  ^p,  3^  ns'  3q0}  n(}'  3pOf  and  n(j/  3q0  ieveis  arG  perturbed  and  thus 

less  accurately  treated.  Transitions  from  these  levels  are  present  in  the 
spectrum  of  Figure  E-l.  Calculations  of  argon  gA  factors  by  Gelb  and 
Rawlins^-^  were  cited  as  being  accurate  to  only  a  factor  of  three.  Oxygen 
more  closely  approaches  1-s  and  IR  transitions  are  between  high  lying  levels 
remote  from  the  core.  Both  these  factors  make  the  Coulomb  approximation  more 
accurate.  Biemont  and  Grevesse  use  C.  Moore's  energy  levelsE~-^  and  not  the 
more  recent  work  of  Bashkin  and  StonerE_6  and  thus  may  have  missed  some  levels 
and  perturbations.  Consequently  we  apply  only  a  factor  of  three  accuracy  to 
their  numbers.  The  intensities  of  all  the  lines  of  multiplets  which  fall 
within  a  resolution  element  (15  cm~l)  have  been  summed. 

The  strong  lines  tentatively  identified  by  Murphy  et  al.E_^  exhibited  similar 
populations  -  their  intensities  being  in  the  ratios  of  their  gf  factors.  We 
then  went  through  Biemont  and  Grevesse's  compilation  to  identify  all  multiplets 
which  are  strongly  allowed.  The  largest  gf  in  this  spectral  region  (25)  was 
for  the  4f  ^F-+3d  5q  transition  at  5547  cm~l.  This  feature  had  a  signal  to 
noise  of  20.  The  noise  level  should  be  fairly  constant  across  the  interferom¬ 
eter's  spectrum.  Thirty-four  transitions  with  gf-factors  down  to  0.5  (1/50  of 
the  strongest)  are  listed  in  Table  E-l  and  their  positions  indicated  in 
Figure  E-l.  In  that  figure  we  see  that  these  transitions  correlate  with  a 
number  of  features  which  were  previously  unassigned.  Several  conclusions  can 
be  drawn: 


The  observed  spectrum  can  be  explained  by  equal  populations  of  all 
highly  excited  states  of  the  atoms.  No  strongly  allowed  transitions 
are  missing. 
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TABLE  E-l.  Infrared  line  intensities  and  population. 


Line  Position 
( cm- ^ ) 

Upper 

State 

Lower 

State 

Upper 

State 

Energy 

Observed 

Intensity 

gf 

Population 

i  oncA  f8857 

3D3D 

3P3P 

97488 

8.5 

1.  885U  |8848 

4S5S 

3P5P 

95476 

74 

2.3 

32)  7  each 

2.  8710 

4S'3D 

3P'3F 

122420 

10 

3.1 

3 

3.  8021 

5F5F 

3D5D 

105442 

<3 

4.1 

<0.7 

4.  7953 

5F3F 

3D3D 

105442 

<5 

2.4 

<2 

5.  7696 

3D'  IF 

3P'  ID 

124326 

9 

2.6 

3 

6.  7594 

4S3S 

3P3P 

96225 

9 

1.5 

6 

7.  6430 

5D'3D 

4P'  3D 

132210 

10 

1.1 

9 

8.  6292 

5D5D 

4P5P 

99093 

8 

1.8 

4 

9.  6168 

4S'1D 

3P'1D 

122798 

8 

1 

8 

10.  5728 

5D3D 

4P3P 

105409 

<8 

0.8 

<10 

11.  5547 

4F5F 

3D5D 

102968 

145 

25 

6 

12.  5480 

4F3F 

3D3D 

102968 

110 

15 

7 

13.  4195 

4D'3P 

4P'  3D 

129980 

10 

1.2 

8 

1  l  iqcn  p956 

4D'3S 

4P'3D 

129737 

★ 

?3 

14.  3950  ^94? 

7D5D 

5P5P 

107572 

23 

0.8 

<30/ 

73919 

6F5F 

4D5D 

106785 

13 

4.6 

33  .  c 

15.  1920  (3916 

4D'3D 

4P'3D 

129690 

5 

A  1.5  each 

16.  3877 

6F3F 

4D3D 

106788 

7 

3.2 

2 

17.  3819 

6G3f5G 

4F3 , 5F 

106788 

10 

10 

1 
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TABLE  E-l.  Continued 


Line  Position 
(cm-* ) 

Upper 

State 

Lower 

State 

Upper 

State 

Energy 

Observed 

Intensity 

gf 

Population 

18.  3772 

4D5D 

4P5P 

102866 

82 

17 

5 

19.  3617 

4P5P 

4S5S 

99093 

105 

7.2 

14 

20.. 3456 

4P3P 

4S3S 

99681 

49 

4.5 

11 

21.  3350 

4P'3D 

4S'3D 

125780 

19 

6.6 

3 

22.  3227 

4D3D 

4P3P 

102908 

36 

11 

3 

23.  3210 

5S'3D 

4P'3D 

128990 

6 

4 

1.5 

24.  3125 

6D5D 

5P5P 

106751 

13 

2.4 

5 

25.  3023 

5S5S 

4P5P 

102117 

21 

4.4 

5 

26.  2896 

6D3D 

5P3P 

106766 

9 

1.2 

8 

27.  2731 

5S3S 

4P3P 

102412 

3 

3 

28.  2576 

5F5S 

4D5D 

105442 

34 

21 

1.6 

29.  2533 

5F3F 

4D3D 

105442 

6 

13 

0.5 

30.  2470 

4P'3D 

3D'3P 

125780 

82 

B 

? 

31.  2210 

7F5F 

5D5D 

107595 

13 

B 

3 

32.  2190 

4P3P 

7F3F 

3D3D 

5D3D 

99681 

107595 

13 

2.7 

2.9 

«j} 2  each 

33.  1785 

7D5D 

6P5P 

107573 

12 

2.9 

4 

34.  1759 

5D5D 

5P5P 

105385 

17 

19.5 

0.9 

*Not  tabulated  in  Ref.  E-2. 

The  majority  of  the  lines  are  in  the  ground  state  core  configuration 
2p3  (^S®),  nl-»2p3  (^S^),  n'l'.  Both  triplet  and  quintet  transitions 
are  observed  and  are  indicated  in  Figure  E-2. 

Eight  lines  ( tvo  of  which  are  not  in  Biemont  and  Grevesse's  tables) 
are  observed  from  the  (2D^)  core* triplet  manifold,  2p^  ( 2D^  nl-»2p^ 
(2D®)  n'l'.  They  are  indicated  in  Figure  E-3. 

Two  transitions  in  the  (2D^)  core  singlet  manifold  are  observed: 

4s'  'D°-»3p'  'D 
3d'  'F°->3p'  'D 

(see  Figure  E-4). 

No  transitions  in  the  2p®  core  or  between  cores  was  observed. 

The  2470  cm-!  feature  has  been  reassigned  as  4p'  ^D->3d'  -^p. 

All  levels  in  all  cores  and  manifolds  have  roughly  the  same  relative 
populations  between  1  and  10.  The  2D®  core  lines  are  weaker  due 
to  smaller  gf,  not  lower  populations. 

In  the  ground  state  core,  the  quintet  states  are  slightly  more 
populated  than  the  triplets.  Collisional  process  at  9  torr  will 
collisionally  partition  energy  in  these  nearly  degenerate  states. 

For  levels  with  n  +  1  >  5  the  triplet-quintet  splittings  are  less 
than  kT.  Thus  for  these  experiments  preferential  formation  in  a 
specific  manifold  is  obscured. 

The  strongest  three  lines  around  3  urn  in  FAIRCEDE  are  the  three 
features  observed  in  LINUS-!  with  comparable  relative  intensities. 
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Ouinlet  Sy%l«rni 


Grotrian  diagram  of  02p^  (^S^)  core  triplet  and  quintet  systems.  Numbers  correspond  to 
listing  in  Table  E-l  as  as  observed  in  FAIRCEDE.  Figure  taken  from  Ref.  E-6. 


01  ENERGY  LEVELS  (0  electron), 
(Configuration:  ts'2s*2pYDP)nT  Triplet  System) 


igure  E-3.  Grotrian  diagram  of  02p3  (2D°)  core  triplet  system.  Numbers  are  listed  in  Table  E-l 
Solid  lines  are  transitions  in  Biemont  and  Grevesse  tabulation,  dashed  liens  are  not 
but  correspond  to  strong  features  observed  in  FAIRCEDE  spectrum.  Figure  taken  from 
Ref.  E-6 . 


0  1  ENERGY  LEVELS  (0  electrons, H  =  { 
Configuration  Is*  2p*  2p’nl, Singlet  System 


trian  diagram  of  0  2pJ  (V  ,  ZDU)  cores  singlet  manifold.  From  Ref.  E-6 


There  are  still  several  weak  features  which  are  unassigned  in  the 
spectrum.  Since  Ref.  E-3  missed  two  features  in  the  core,  a 
more  refined  treatment  of  0  and  N  transitions  may  be  required  if 
future  SVIR-LWIR  line  emission  observations  are  not  completely 
assignable . 

The  next  factor  of  50  weaker  gf  factors  (0.01  to  0.5)  from  Biemont 
and  Grevesse  have  only  random  overlaps  with  residual  spectral 
features:  6  matches  for  12  transitions  -  notably  the  8480,  3712, 
and  3500  cm_l  features.  Thus  no  definite  assignments  are  made. 

The  degree  of  collisional  coupling  in  these  experiments  precluded  specific 
formation  mechanism  isolation.  Possible  excitation  mechanisms  include: 

1)  direct  dissociation  to  form  0*;  2)  dissociative  ionization;  and 
3)  ionization  followed  by  dissociative  recombination: 

02  +  ep  a  o  +  o*  +  ep  U-l) 

°2  +  ep  0  +  0+  +  ep  +  es  (E~2) 

0+  +  e  +  M  ->  0*  +  M 

s 

°2  *  ep  *  °2+  *  ep  *  's  <E'3> 

0„+  +  e  -*0  +  0 
2  s 

All  three  processes  can  occur  without  change  of  the  inner  shell  configuration 
since  the  ground  state  of  O2  and  02  +  correlate  with  a  inner  shell  configura¬ 
tion.  The  02+  b  state,  however,  is  readily  excited  by  electron  impact 

(mechanism  3).  It  has  large  Franck-Condon  factors  since  its  equilibrium 
internuclear  separation  is  the  same  as  the  ground  state.  The  02+  b-state 
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correlates  to  the  excited  core.  The  02+  b->X  system  is  the  dominant 
visible  emission  in  LABCEDE  at  low  pressures.  Thus  the  excited  core  can  be 
created  by  process  (E-3). 

From  Kieffer^-^  processes  1-3  peak  at  ep  ~  100  eV  with  dissociation  having  by 
far  the  smallest  cross  section.  Total  ionization  is  three  times  dissociative 
ionization  so  that  either  processes  2  or  3  could  dominate.  Of  course  in  the 
FAIRCEDE  discharge,  electrons  can  further  interact  with  the  products  of 
processes  1-3  and  further  cloud  the  physics. 

0  +  ep  -»  0+  +  ep  +  es  (E-4) 

0+  +  ep  ->  0+*  +  ep  .  (E-5) 

Thus  lower  pressure  experiments  would  considerably  ease  mechanism  deter¬ 
mination.  Nevertheless,  these  observations  serve  to  encourage  further  IR 
observations.  Biemont  and  Grevesse^-^  predict  quite  strong  emission  out  into 
the  LWIR  (including  a  very  strong  feature  at  7.4  pm).  These  lines  are  listed 
in  Table  E-2.  These  LWIR  transitions  arise  from  the  same  levels  as  transi¬ 
tions  observed  in  FAIRCEDE  and  thus  should  be  observable  in  higher  pressure 
(collisionally  coupled)  experiments  such  as  LINUS.  Lower  pressure  visible  and 
SWIR  observations  of  oxygen  and  nitrogen  will  provide  insight  into  formation 
mechanisms  and  can  be  used  to  guide  low  pressure  LWIR  observation  programs. 
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TABLE  E-2.  Strong  LVIR  O-atom  lines. 


Line  Position 
(cm~l ) 

Upper 

State 

Lower 

State 

Upper  State 
Energy 
(cm~l ) 

1539 

5D3D 

5P3P 

105409 

1509 

5P5P 

5S5S 

105385 

1458 

5P3P 

5S3S 

103870 

1400 

6F5F 

5D5D 

106785 

1393 

6S5S 

5P5P 

105019 

1376 

6F3F 

5D3D 

106785 

1346 

6G5G 

5F5F 

106787 

1295 

6S3S 

5P3P 

105165 

963 

6D5D 

6P5P 

106751 

854 

6D3D 

6P3P 

106765 

844 

7F5F 

6D5D 

107595 

829 

7F3F 

6D3D 

107595 

769 

6P5P 

6S5S 

105789 

761 

5P5P 

4D5D 

103626 

757 

7S5S 

6P5P 

106545 

747 

6P3P 

6S3S 

105912 

716 

7S3S 

6P3P 

106628 

503 

6P3P 

5D3D 

105912 

403 

6P5P 

5D5D 

105789 
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